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BACKGROUND OF THE INVENTION 



1. FIELD OF THE INVENTION: 

The present invention relates to a liquid crystal 
5 display device and a method for producing the same. More 
specifically, the present invention relates to a liquid 
crystal display device having wide viewing angle charac- 
teristics and a method for producing the same. 

10 2. DESCRIPTION OF THE RELATED ART: 

In the past, a liquid crystal display device 
(hereinafter, also referred to as an "LCD") in a twisted 
nematic (TN) mode has been known. The liquid crystal 
display device in a TN mode has poor viewing angle 
characteristics (i.e., a narrow viewing angle). As shown 
in Figure 30A, when TN-LCD 200 is in a gray-scale dis- 
play, liquid crystal molecules 202 are tilted in one 
direction. As a result, in the case where TN-LCD 200 is 
observed in viewing angle directions A and B as shown in 
Figure 30A, apparent light transmittance varies depending 
upon the direction. Accordingly, the display quality 
(e.g., contrast ratio) of TN-LCD 200 greatly depends upon 
the viewing angle. 
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In 



order to improve the viewing angle 
characteristics of a liquid crystal display device by 
controlling the alignment state of liquid crystal mole- 
cules, it is required to align liquid crystal molecules 
in at least two directions in each pixel. Examples of 
such liquid crystal display devices includes those in an 
axially symmetric aligned microcell (ASM) mode in which 
liquid crystal molecules are axis-symmetrically aligned 
in each pixel. Referring to Figure 30B, for example, 
when a liquid crystal display device 210 in an ASM mode 
in which a liquid crystal region 214 is surrounded by a 
polymer region 212 is in gray scales, liquid crystal 
molecules are aligned in two different directions. m 
the case where the liquid crystal display device 210 is 
observed in viewing angle directions represented by ar- 
rows A and B, apparent light transmittance is averaged. 
As a result, the light transmittance in the viewing angle 
directions A and B becomes substantially equal, whereby 
viewing angle characteristics are improved compared with 
20 those in a TN mode. 



Examples of liquid crystal display devices in a 
mode having improved viewing angle characteristics 
(hereinafter, referred to as a "wide viewing angle mode") 
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including an ASM mode will be described below. 

( 1 ) There is a technique for electrically con- 
trolling a transparent state or an opaque state by 
utilizing birefringence of a liquid crystal material in 
a liquid crystal display device which has polymer walls 
in a liquid crystal cell without polarizing plates and 
which does not require any alignment treatment. Accord- 
ing to this technique, the ordinary index of liquid 
crystal molecules is matched with the refractive index of 
a supporting medium. Under the application of a voltage, 
the liquid crystal molecules are aligned, whereby a 
transparent state is displayed. When no voltage is being 
applied, the alignment of the liquid crystal molecules is 
disturbed, whereby a light scattering state is displayed. 

For example, Japanese National Phase PCT Laid- 
open Publication No. 61-502128 discloses a technique for 
mixing liquid crystal with a photocurable or thermoset- 
ting resin, curing the resin to phase-separate liquid 
crystal from the resin, thereby forming liquid crystal 
droplets in the resin. Furthermore, Japanese Laid-open 
Publication Nos. 4-338923 and 4-212928 disclose a liquid 
crystal display device in a wide viewing angle mode 
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obtained by combining the device disclosed in Japanese 
National Phase PCT Laid-open Publication No. 61-502128 
with polarizing plates in such a manner that polarization 
axes are orthogonal to each other. 

(2) As a technique for improving viewing angle 
characteristics of a non-scattering type liquid crystal 
cell using polarizing plates, Japanese Laid-open 
Publication No. 5-27242 discloses a technique for 
producing a composite material containing liquid crystal 
and a polymer material from a mixture of liquid crystal 
and a photocurable resin by phase separation. According 
to this technique, the liquid crystal molecules in liquid 
crystal domains are randomly aligned by generated poly- 
mers, the liquid crystal molecules rise in different 
directions in each domain under the application of a 
voltage. Therefore, the apparent light transmittance 
observed in each direction becomes substantially equal 
(because retardation d-An is averaged, where d is a 
thickness of a liquid crystal layer and An is 
birefringence of a liquid crystal material), so that the 
viewing angle characteristics in gray scales are im- 
proved . 
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(3) Recently, ±„ Japanese Laid-open Publication 
No. 7-120728, the inventors of the present invention have 
proposed a liquid crystal display device in which liquid 
crystal molecules are omnidirectionally aligned (e.g., in 
5 a spiral state) in pixel regions by controlling light 
using a photomask or the like during photopolymerization. 
This device uses a technique of axis-symmetrically align- 
ing liquid crystal molecules by utilizing phase separa- 
tion from a mixture of li quid crystal and a photocurable 
10 resin. The liquid crystal molecules are axis- 

symmetrically aligned when no voltage is being applied, 
and come closer to homeotropic alignment (alignment 
vertical to the substrates) under the application of a 
voltage, whereby the viewing angle characteristics are 
15 remarkably improved. This technique is a p-type display 
mode using a p-type liquid crystal material (i.e., a 
material with a positive dielectric anisotropy Ac). 



As an example of a method for producing a device 
as described above, Japanese Laid-open Publication No. 8- 
95012 discloses a method for forming lattice-shaped 
polymer walls having a thickness smaller than the cell 
thickness in each pixel region, injecting a mixture of 
liquid crystal and a photocurable resin into the cell 
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thus produced, and axis-symmetrically aligning liquid 
crystal molecules by utilizing two-phase regions in which 
a liquid crystal phase and a uniform phase exist. This 
production method does not use alignment films. 

5 

(4) Furthermore, Japanese Laid-open Publication 
No. 6-308496 discloses a liquid crystal display device in 
a wide viewing angle mode including an axis-symmetrical 
alignment film made of a crystalline polymer with a 

0 spherulite structure on the surface of a substrate. 

(5) Japanese Laid-open Publication No. 6-194655 
discloses a technique for coating an alignment film on a 
substrate and aligning liquid crystal molecules in a 

5 random direction without performing an alignment treat- 
ment such as rubbing. 

There are techniques for dividing pixels into a 
plurality of regions and aligning liquid crystal mole- 
3 cules in each region in such a manner that the viewing 
angle characteristics in each region compensate for each 
other. Examples of the method will be described below. 



(6) Japanese Laid-open Publication No. 63-106624 
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discloses a method for dividing each pixel into regions 
and performing an alignment treatment such as rubbing so 
that the rubbing directions in the respective regions 
become different. 

Figures 31 and 32 show a liquid crystal display 
device obtained by the above method, having wide viewing 
angle characteristics and being capable of obtaining a 
display with a satisfactory contrast. Figure 31 is a 
schematic plan view of the liquid crystal display device, 
and Figure 32 is a cross-sectional view taken along the 
E-E ' line in Figure 31. 



A pixel electrode (transparent electrode) 520 
15 provided on each pixel, an alignment film 510, and a thin 
film transistor 513 driving the pixel electrode 520 are 
provided on one glass substrate 522 of the liquid crystal 
display device. A counter electrode (transparent elec- 
trode) 519 and an alignment film 509 are provided on the 
other glass substrate 521. The alignment films 509 and 
510 are made of polyimide. A pixel B defined by the 
opposing transparent electrodes 519 and 520 is a square 
of 200 urn, for example, and a plurality of pixels B are 
arranged in a matrix. A band-shaped spacer 523 made of 
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polyimide is provided in a center portion of the pixel 
electrodes 520, as a result of which each pixel B is 
divided into regions I and II by the band-shaped spac- 
er 523. 



The regions I and II are formed as schematically 
shown in Figure 33. The glass substrates 521 and 522 are 
respectively subjected to a rubbing treatment in the 
arrow directions as shown in Figure 33. In the past, in 
the case of providing the regions I with an alignment 
regulating force, the substrate 521 is subjected to a 
rubbing treatment with the regions II covered with a 
resist. Similarly, in the case of providing the re- 
gions II with an alignment regulating force, the sub- 
15 strate 521 is subjected to a rubbing treatment with the 
regions I covered with a resist. 



According to the above technique, the alignment 
directions of liquid crystal molecules in the respective 
regions have the same spiral-type twist direction but 
form different angles with respect to the surface of the 
substrates. Due to the difference in angle with respect 
to the surface of the substrates, the liquid crystal 
molecules rise in different directions under the applica- 
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tion of a voltage. Therefore, in the case where light is 
incident upon the substrate in a direction tilted from a 
direction normal to the substrate, the optical 
characteristics of the respective regions compensate for 
5 each other. As a result, the viewing angle dependence 
under the application of a voltage is cancelled in the 
regions having different orientations in each pixel 
between the substrates. Thus, optical characteristics 
with less viewing angle dependence are obtained. In 
10 particular, even when a viewing angle is varied in gray 
scales, there will be no phenomenon of gray-scale inver- 
sion. 



(7) As a technique for making an alignment 
H :: 15 direction of an alignment film different, Japanese Laid- 

open Publication Nos. 7-199193 and 7-333612 disclose a 
technique for forming unevenness having a tilt in each 
pixel, thereby making the direction in which liquid 
crystal molecules are tilted different depending upon the 
20 region in each pixel. According to this technique, a 
pretilt angle is varied on a regional basis due to the 
different tilt directions in each pixel, thereby making 
the direction in which the liquid crystal molecules are 
tilted different. Thus, the viewing angle characteris- 
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tics of a liquid crystal display device are improved. 
Japanese Laid-open Publication No. 7-199193 also disclos- 
es a homeotropic liquid crystal display device which uses 
an n-type (Ae < 0) liquid crystal material and a 
5 homeotropic alignment film, and in which liquid crystal 

molecules are aligned in a direction vertical to sub- 
strates when no voltage is being applied and tilted in a 
direction horizontal to the substrates under the 
application of a voltage. 

10 

(8) Furthermore, Japanese Laid-open publication 
No. 6-301036 has proposed a liquid crystal display device 
having wide viewing angle characteristics and being 
capable of obtaining satisfactory display quality. 

15 Figure 34 is a perspective view showing an external 

appearance of the liquid crystal display device, and 
Figure 35 is a schematic cross-sectional view thereof. 
The liquid crystal display device includes a liquid 
crystal layer 612 having vertically aligned liquid 

20 crystal molecules 612A between a pair of electrode 
substrates. Pixel electrodes 611 are provided on one 
substrate 610, and counter electrodes 613 are provided on 
the other substrate (not shown). Each counter elec- 
trode 613 has openings 614 corresponding to central 
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portions of each pixel. 

The liquid crystal molecules 612A in a region of 
a liquid crystal layer corresponding to the opening 614 
5 are stable, being vertically aligned under the applica- 

tion of a driving voltage. The liquid crystal mole- 
cules 612A on the periphery of the region corresponding 
to the opening 614 are also stable in alignment due to 
the interaction with the liquid crystal molecules 612A in 

10 the region corresponding to the opening 614. As a 

result, the liquid crystal molecules 612A in each pixel 
are aligned so as to face the central portion of the 
pixel corresponding to the opening 614. Thus, if the 
opening 614 of each pixel is provided at the identical 

15 position (e.g., a central portion of each pixel), the 

liquid crystal molecules are aligned similarly in each 
pixel. Because of this, even if a disclination line is 
similarly generated in each pixel, roughness of a display 
can be prevented. In Figure 35, the reference numer- 

20 als 615 and 616 denote gate bus lines, and 617 and 618 
denote homeotropic alignment films. 

Liquid crystal display devices (e.g., TFT-LCD) 
have been widely used as flat displays. However, large 



- 12 - 



S97448 



TFT-LCDs of a 20-inch or more diagonal screen, whose 
application for wall mounting has been expected, have not 
been commercially available. In recent years, as a 
candidate for realizing a large display device, a plasma 
address LCD ( PALC ) disclosed in Japanese Laid-open 
Publication No. 1-217396 has received attention. 

Figure 36 shows a cross-sectional structure of a 
PALC. A PALC 700 includes a liquid crystal layer 702 
between a pair of substrates 701 and 711. A plurality of 
plasma chambers 713 are disposed between the sub- 
strate 711 and the liquid crystal layer 702. Each plasma 
chamber 713 is defined by the substrate 711, a dielectric 
sheet 716 opposing the substrate 711, and partition 
walls 712 provided between the substrate 711 and the 
dielectric sheet 716. Gas (e.g., helium, neon, etc.) 
sealed in the plasma chamber 713 is ionized by applying 
a voltage across an anode 714 and a cathode 715 formed on 
the surface of the substrate 711 in the plasma cham- 
ber 713, whereby plasma discharge occurs. 

A plurality of plasma chambers 713 extend in the 
shape of stripes in a direction vertical to the drawing 
surface of Figure 36 in such a manner as to be orthogonal 
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to transparent electrodes 705 provided on the surface of 
the substrate 701 on the liquid crystal layer 702 side. 
Compared with a simple matrix type liquid crystal display 
device, the transparent electrodes 705 correspond to 
display electrodes (signal electrodes) and the plasma 
chambers 713 correspond to scanning electrodes. The 
substrate 711, the dielectric sheet 716, the plasma cham- 
bers 713, etc. are collectively called a plasma sub- 
strate 710. 

Referring to Figure 37, the basic principle of 
the PALC 700 will be described. The plasma chambers 713 
are successively turned on, and the gas in the selected 
plasma chamber 713 is ionized. As shown in Figure 37, 
under the condition that the plasma chamber 713 is ion- 
ized, a charge, in accordance with a voltage supplied 
from the signal lines to the transparent electrodes 705, 
is accumulated and held on a reverse surface of the 
dielectric sheet 716 on the plasma chamber 713 side. 
Thus, a signal voltage supplied from the signal lines is 
applied to a region of the liquid crystal layer 702 
positioned above the ionized plasma chamber 713. When 
the plasma chamber 713 is not ionized, the charge is not 
supplied to the reverse surface of the dielectric 
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sheet 716. Therefore, the signal voltage is not supplied 
to the region of the liquid crystal layer 702 positioned 
above the plasma chamber 713. Thus, the plasma cham- 
bers 713 function as scanning electrodes in a simple 
5 matrix type liquid crystal display device. 

As a technique for producing a display with a 
large screen, Japanese Laid-open Publication No. 4-265931 
discloses a technique of forming a plasma chamber struc- 
0 ture on a glass substrate by a printing method using 

glass paste. 

Japanese Laid-open Publication No. 4-313788 
discloses a structure in which transparent electrodes are 

5 patterned in a direction of plasma chambers. In this 

structure, even when a thick dielectric sheet is inter- 
posed between plasma chambers and a liquid crystal layer 
for the purpose of enhancing the strength of the dielec- 
tric sheet, charge is prevented from dispersing on the 

D liquid crystal layer side to cause bleeding of a display. 

The above-described techniques have respective 
problems. Hereinafter, these problems will be described. 
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In the conventional liquid crystal display device 
in an ASM mode, a liquid crystal material with a positive 
dielectric anisotropy Ac is used. In this display mode, 
as described above, liquid crystal molecules are axis- 
5 symmetrically aligned, so that outstanding display 

characteristics are obtained in an omnidirection. 
However, this liquid crystal display device has the 
following problems (1) to (4): (1) since this display 
mode is a normally white (NW) mode, a relatively high 

10 driving voltage is required for decreasing the light 

transmittance under the application of a voltage so as to 
obtain a high contrast; (2) in order to prevent light 
leakage when no voltage is being applied, it is required 
to prescribe an area of each light-blocking portion 

15 (e.g., a black matrix ( BM ) ) to be large; (3) the liquid 

crystal display device in an ASM mode is difficult to 
produce, because a phase separation step requiring 
complicated temperature control is used for forming an 
ASM mode; and (4) since the liquid crystal display device 

20 in an ASM mode is difficult to produce, it is difficult 
to control the position of each central axis around which 
liquid crystal molecules are symmetrically aligned, the 
position of the central axis is varied depending upon the 
pixel, and the central axis is not positioned almost at 
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the center of the pixel region; as a result, when the 
liquid crystal display device is observed in an oblique 
direction, a rough display with unsatisfactory quality is 
obtained . 

Furthermore, in the liquid crystal display 
devices using a liquid crystal material with a positive 
dielectric anisotropy Ac as described in the above- 
mentioned (6) and (7), alignment directions of the liquid 
crystal molecules on the division lines become discontin- 
uous under the application of a voltage, i.e., 
disclination lines are generated, causing the decrease in 
contrast ratio. Furthermore, in this liquid crystal 
display device, in order to produce a plurality of 
divided regions, a resist is coated onto an alignment 
film, followed by rubbing on a region basis. According 
to this method, the alignment film is exposed to a resist 
material, a developing solution, a release agent, etc. 
Therefore, ions contained in the resist, the developing 
solution, the release agent, etc., remain on the align- 
ment film after the resist is peeled off. The remaining 
ions may have an adverse effect on the display charac- 
teristics by moving during the operation of the liquid 
crystal display device to deteriorate the charge-holding 
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characteristics of the liquid crystal material and to 
cause a phenomenon such as an image burn-in. Further- 
more, depending upon the kinds of the alignment film and 
the resist to be combined, the alignment film is damaged 
5 to lose an alignment regulating force. Thus, such a 
liquid crystal display device is low both in production 
efficiency and production stability. 

7. "1: 

Q Furthermore, in the liquid crystal display device 

J!;; 10 described in the above (8), the liquid crystal molecules 

§4 are axis-symmetrically aligned only in the opening of the 

as 

s ' counter electrode. More specifically, the liquid crystal 

fy molecules on the periphery of the pixel away from the 

U, opening are not axis-symmetrically aligned. Thus, the 

U 15 liquid crystal molecules are randomly aligned, which may 

cause a rough display. Furthermore, the positions or 
sizes of liquid crystal domains (regions where the 
alignment direction of the liquid crystal molecules are 
continuous, and disclination lines are not generated) are 
20 not defined, so that disclination lines cannot be pre- 
vented from being generated in pixels, particularly, 
causing a rough display in gray scales. 



The PALC has the following problems. The PALC 
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mainly uses a TN mode. When a TN mode in which display- 
quality depends upon a viewing angle is applied to a 
display device with a large screen, even when an 
observer's position is fixed, the viewing angle (a and b) 
5 is varied depending upon the position of a display screen 

to be observed, as shown in Figure 38. Therefore, the 
display quality becomes unsatisfactory in the display 
screen. 

10 In the case of the PALC in a TN mode, considering 

the viewing angle dependence of the TN mode, polarization 
axes of polarizing plates are set at 45° from a crosswise 
direction on the display surface, thereby adjusting the 
sideward viewing angle characteristics seen by an observ- 

15 er in a satisfactory direction. In this case, at a 

portion such as an attachment surface between the plasma 
substrate and the thin glass sheet where the difference 
in refractive index is present, an attachment portion 
becomes visible due to the birefringence and the differ- 

20 ence in refractive index of polarized light on the 
attachment surface, whereby light leakage, which is 
critical to a display, occurs in a crosswise direction. 



The PALC uses a display mode using p-type liquid 
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crystal material, such as a NW mode and a TN mode. In 
the PALCs in these display modes, a sufficient contrast 
ratio cannot be obtained. This is caused by the nonuni- 
form voltage (electric field) applied to the liquid 
5 crystal layer due to the nonuniform plasma charge. In 
the NW mode using p-type liquid crystal (Ae > 0), partic- 
ularly, a black level under the application of a voltage 
is decreased, resulting in a great decrease in contrast 
ratio . 

10 

SUMMARY OF THE INVENTION 



A liquid crystal display device of the present 
invention includes a pair of substrates and a liquid 

15 crystal layer provided between the substrates, wherein 
liquid crystal molecules in the liquid crystal layer have 
a negative dielectric anisotropy, and the liquid crystal 
molecules are aligned in a direction substantially 
vertical to the substrates when no voltage is being 

20 applied and axis-symmetrically aligned in each of a 
plurality of pixel regions under application of a volt- 
age. 



In one embodiment of the present invention, a 
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thickness (d in ) of the liquid crystal layer in the pixel 
region is larger than a thickness ( d out ) of the liquid 
crystal layer outside of the pixel region, and the device 
includes a homeotropic alignment layer in a region 
5 corresponding to the pixel region on a surface of at 
least one of the substrates on the liquid crystal layer 
side . 

O In another embodiment of the present invention, 

«C 10 at least one of the substrates has convex portions 

M 51 defining the pixel region on a surface on the liquid 

crystal layer side. 

h Mi: 

M In another embodiment of the present invention, 

f : :Sh 

H- 15 the thickness of the liquid crystal layer in the pixel 

region is largest at a central portion of the pixel 
region and continuously decreases toward a peripheral 
portion of the pixel region. 



20 In another embodiment of the present invention, 

the thickness of the liquid crystal layer in the pixel 
region is axis-symmetrically changed around the central 
portion of the pixel region. 
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In another embodiment of the present invention, 
the above-mentioned liquid crystal display device further 
includes a projection at the central portion of the pixel 
region, wherein the liquid crystal molecules are axis- 
5 symmetrically aligned around the projection under the 

application of a voltage. 



In another embodiment of the present invention, 
a retardation d*An of the liquid crystal layer is in a 
10 range of about 300 nm to about 500 nm. 



In another embodiment of the present invention, 
a twist angle of the liquid crystal layer is in a range 
of about 45° to about 110°. 

15 

In another embodiment of the present invention, 
the above-mentioned liquid crystal display device in- 
cludes a pair of polarizing plates disposed in crossed 
Nicols on both sides of the liquid crystal layer, and a 
20 phase difference plate having a relationship, in which a 
refractive index n x y in an in-plane direction is greater 
than a refractive index n z in a direction vertical to a 
plane, is provided on at- least one of the polarizing 
plates . 



• 
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In another embodiment of the present invention, 
an axis-symmetrical alignment fixing layer which provides 
the liquid crystal molecules with an axis-symmetrical 
pretilt angle is further formed on a surface of at least 
5 one of the substrates on the liquid crystal layer side. 

In another embodiment of the present invention, 
the axis-symmetrical alignment fixing layer contains a 
photocurable resin . 

10 

A method for producing a liquid crystal display 
device of the present invention includes the steps of: 
forming a homeotropic alignment layer on a pair of 
substrates, respectively; disposing a mixture containing 

15 a liquid crystal material having a negative dielectric 
anisotropy and a photocurable resin between the 
homeotropic alignment layers on the substrates; and 
curing the photocurable resin while applying a voltage 
higher than a threshold voltage of the liquid crystal 

20 material to the mixture, so as to form an axis-symmetri- 
cal alignment fixing layer providing the liquid crystal 
molecules with an axis-symmetrical pretilt angle. 



In one embodiment of the present invention, the 
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above-mentioned method further includes the step of 
forming convex portions defining pixel regions on a 
surface of at least one of the substrates before the step 
of forming the homeotropic alignment layers on the sub- 
5 strates. 

A liquid crystal display device of the present 
invention includes: a plasma substrate having plasma 
chambers for performing plasma discharge; a counter 

10 substrate having signal electrodes; and a liquid crystal 
layer provided between the plasma substrate and the 
counter substrate, the device being driven by the signal 
electrodes and the plasma chambers, wherein liquid 
crystal molecules in the liquid crystal layer have a 

15 negative dielectric anisotropy, and the liquid crystal 
molecules are aligned in a direction substantially 
vertical to the substrates when no voltage is being 
applied and axis-symmetrically aligned in each of a 
plurality of pixel regions under application of a volt- 
20 age. 

In one embodiment of the present invention, a 
thickness (d in ) of the liquid crystal layer in the pixel 
region is larger than a thickness (d out ) of the liquid 
crystal layer outside of the pixel region, and the 
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device includes a homeotropic alignment layer in a region 
corresponding to the pixel region on a surface of at 
least one of the substrates on the liquid crystal layer 
side . 

5 

In another embodiment of the present invention, 
at least one of the counter substrate and the plasma 
substrate has convex portions defining the pixel region 
on a surface on the liquid crystal layer side. 

10 

In another embodiment of the present invention, 
the thickness of the liquid crystal layer in the pixel 
region is largest at a central portion of the pixel 
region and continuously decreases toward a peripheral 
15 portion of the pixel region. 

In another embodiment of the present invention, 
the thickness of the liquid crystal layer in the pixel 
region is axis-symmetrically changed around the central 
20 portion of the pixel region. 

In another embodiment of the present invention, 
the above-mentioned liquid crystal display device in- 
cludes a pair of polarizing plates disposed in crossed- 
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Nicols on both sides of the liquid crystal layer, a 
polarization axis of one of the polarizing plates being 
parallel to an extending direction of the signal elec- 
trodes or the plasma chambers. 

In another embodiment of the present invention, 
an axis-symmetrical alignment fixing layer which provides 
the liquid crystal molecules with an axis-symmetrical 
pretilt angle is further formed on a surface of at least 
one of the plasma substrate and the counter substrate on 
the liquid crystal layer side. 

In another embodiment of the present invention, 
the axis-symmetrical alignment fixing layer contains a 
photocurable resin. 

A liquid crystal display device of the present 
invention includes: a pair of substrates and a liquid 
crystal layer provided between the substrates, wherein 
liquid crystal molecules in the liquid crystal layer have 
a negative dielectric anisotropy, and the liquid crystal 
molecules are aligned in a direction substantially 
vertical to the substrates when no driving voltage is 
being applied and axis-symmetrically aligned around an 
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axis-symmetrical alignment central axis in each of a 
plurality of pixel regions under application of a driving 
voltage, and convex portions defining the pixel region 
are provided on a surface of at least one of the sub- 
strates on the liquid crystal layer side, and a treatment 
for controlling a position of the axis-symmetrical 
alignment central axis is conducted. 



In one embodiment of the present invention, the 
10 above-mentioned liquid crystal display device includes a 
region in which the liquid crystal molecules keep a 
homeotropic alignment state under application of an axis- 
symmetrical alignment central axis forming voltage at 
each predetermined position in the plurality of pixel 
15 regions. 



In another embodiment of the present invention, 
Sa is an area of the region in which the liquid crystal 
molecules keep a homeotropic alignment state under the 
application of the axis -symmetrical alignment central 
axis forming voltage, A is an area of the pixel region, 
and Sa/A satisfies the relationship 0 < Sa/A < 4%. 

In another embodiment of the present invention, 
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the above-mentioned liquid crystal display device in- 
cludes an axis-symmetrical alignment central axis forming 
portion at a predetermined position in each of the 
plurality of pixel regions, and the axis-symmetrical 
alignment central axis of the liquid crystal molecules is 
formed corresponding to the axis-symmetrical alignment 
central axis forming portion. 



10 



15 



20 



In another embodiment of the present invention, 
Sb is an area of the axis-symmetrical alignment central 
axis forming portion, A is an area of the pixel region, 
and Sb/A satisfies the relationship 0 < Sb/A < 4%. 

In another embodiment of the present invention, 
a thickness of the liquid crystal layer in the pixel 
region is larger than a thickness of the liquid crystal 
layer outside of the pixel region. 

In another embodiment of the present invention, 
the thickness of the liquid crystal layer in the pixel 
region is largest at a central portion of the pixel 
region and continuously decreases from the central 
portion to a peripheral portion of the pixel region. 
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In another embodiment of the present invention, 
the thickness of the liquid crystal layer in the pixel 
region is axis-symmetrically changed around the central 
portion of the pixel region. 

In another embodiment of the present invention, 
an axis-symmetrical alignment fixing layer is provided on 
a surface of at least one of the substrates on the liquid 
crystal layer side. 

In another embodiment of the present invention, 
the axis-symmetrical alignment fixing layer contains a 
photocurable resin. 



A method for producing a liquid crystal display 
device is provided. The device includes a pair of 
substrates and a liquid crystal layer provided between 
the substrates, liquid crystal molecules in the liquid 
crystal layer having a negative dielectric anisotropy, 
the liquid crystal molecules being aligned in a direction 
substantially vertical to the substrates when no driving 
voltage is being applied and being axis-symmetrically 
aligned around an axis-symmetrical alignment central axis 
in each of a plurality of pixel regions under application 
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10 



15 



20 



of a driving voltage. The method includes the step of 
performing an axis-symmetrical alignment central axis 
forming process. 

In one embodiment of the present invention, the 
axis-symmetrical alignment central axis forming process 
includes the steps of: disposing a precursor mixture 
containing a liquid crystal material and a photocurable 
material between the substrates; and curing the 
photocurable material while applying an axis-symmetrical 
alignment central axis forming voltage to the precursor 
mixture . 

In another embodiment of the present invention, 
the axis-symmetrical alignment central axis forming 
voltage is 1/2 or more of a threshold voltage of the 
liquid crystal material. 

In another embodiment of the present invention, 
the axis-symmetrical alignment central axis forming 
voltage is an AC voltage. 

in another embodiment of the present invention, 
a frequency of the AC voltage is 1 Hz or more. 
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Thus, the invention described herein makes 
possible the advantages of ( 1 ) providing a liguid crystal 
display device including a liguid crystal region in which 
liguid crystal molecules are axis-symmetrically aligned 
in each pixel region, having outstanding viewing angle 
characteristics in an omnidirection and a high contrast 
without roughness; (2) providing a plasma address LCD 
having outstanding viewing angle characteristics and a 
high contrast; and (3) providing a method for producing 
the liguid crystal display devices as described above 
with ease. 

These and other advantages of the present inven- 
tion will become apparent to those skilled in the art 
upon reading and understanding the following detailed 
description with reference to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1A through ID are schematic views illus- 
trating the operation principle of a liguid crystal 
display device in an embodiment of the present invention. 



Figure 2 is a graph showing a voltage-transmit- 
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tance curve of the liquid crystal display device shown in 
Figures 1A through ID. 

Figures 3A through 3D are schematic views illus- 
trating the relationship between the position of a 
central axis of an axis-symmetrically aligned region and 
the display quality. 

Figures 4A and 4B are schematic views illustrat- 
ing a thickness d^(x) of a liquid crystal layer of the 
liquid crystal display device in a embodiment of the 
present invention. 

Figures 5A through 5C are schematic cross-sec- 
tional views illustrating a pixel region in the liquid 
crystal display device in the embodiment of the present 
invention. 

Figure 6 is a graph showing a voltage-transmit- 
tance curve of a liquid crystal display device including 
a liquid crystal layer with d-An = 450 nm. 

Figure 7 is a schematic cross-sectional view 
illustrating an embodiment of a PALC of the present 
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invention. 



Figure 8A is a radar chart showing viewing angle 
characteristics of a liquid crystal display device in a 
TN mode, and Figure 8B is a schematic view illustrating 
the arrangement of polarizing plates in the liquid 
crystal display device in a TN mode. 

Figure 9 is a radar chart showing viewing angle 
characteristics of a PALC of the present invention. 



Figures 10A through 10D are schematic views 
illustrating the basic structure and operation principle 
of a liquid crystal display device in another embodiment 
15 of the present invention. 



Figure 11A is a schematic view showing a state of 
an electric field distribution when a voltage is applied 
to the liquid crystal display device in the embodiment of 
the present invention, and Figure 11B is a schematic view 
showing an alignment state of liquid crystal molecules 
when a voltage is applied to the liquid crystal display 
device shown in Figure 11A. 
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Figure 12A is a schematic partial cross-sectional 
view of a substrate used in a liquid crystal display 
device in Example 1 of the present invention, and Fig- 
ure 12B is a plan view thereof. 

Figure 13 is a graph showing electro-optic 
characteristics of the liquid crystal display device in 
Example 1 of the present invention. 

Figure 14 is a radar chart showing viewing angle 
characteristics of the liquid crystal display device in 
Example 1 of the present invention. 

Figure 15 is a schematic partial cross-sectional 
view of a substrate used in a liquid crystal display 
device in Example 2 of the present invention. 

Figure 16 is a radar chart showing viewing angle 
characteristics of a liquid crystal display device in 
Example 7 of the present invention. 

Figure 17 is a schematic partial cross-sectional 
view of a liquid crystal display device in Example 8 of 
the present invention. 
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Figure 18 is a schematic partial cross-sectional 
view of a substrate used in the liquid crystal display 
device in. Example 8 of the present invention. 

Figure 19A is a schematic partial cross-sectional 
view of a substrate used in a PALC in Example 11 of the 
present invention, and Figure 19B is a plan view thereof. 

Figure 20 is a schematic partial cross-sectional 
view of a PALC in Example 12 of the present invention. 

Figure 21 is a schematic partial cross-sectional 
view of a substrate used in the PALC in Example 12 of the 
present invention . 

Figure 22A is a schematic partial cross-sectional 
view of a liquid crystal display device in Example 13 of 
the present invention, and Figure 22B is a plan view of 
one pixel therein. 

Figure 23 is a schematic view showing results 
obtained by observing pixels of a liquid crystal cell 
produced in Example 13 of the present invention with a 
polarizing microscope in crossed-Nicols . 
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Figure 24 is a radar chart showing viewing angle 
characteristics of the liquid crystal display device in 
Example 13 of the present invention. 

5 Figure 25A is a schematic partial cross-sectional 

view of a liquid crystal display device in Example 14 of 
the present invention, and Figure 25B is a plan view of 
one pixel therein. 

10 Figure 26 is a schematic partial cross-sectional 

view of a liquid crystal display device in Example 16 of 
the present invention. 

Figure 27 is a radar chart showing viewing angle 
15 characteristics of a liquid crystal display device in 

Example 18 of the present invention. 

Figure 28 is a radar chart showing viewing angle 
characteristics of a liquid crystal display device in 
20 Example 19 of the present invention. 

Figure 29 is a schematic partial cross-sectional 
view of a liquid crystal display device in Comparative 
Example 10. 
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Figures 30A and 30B are schematic views illus- 
trating viewing angle dependence of a conventional liquid 
crystal display device. 

5 Figure 31 is a schematic plan view of a conven- 

tional liquid crystal display device in a wide viewing 
angle mode. 

Figure 32 is a cross-sectional view taken along 
10 the E-E T line in Figure 31. 

Figure 33 is a schematic view illustrating a 
method for producing the conventional liquid crystal 
display device shown in Figure 31. 

15 

Figure 34 is a schematic view illustrating the 
operation principle of a conventional liquid crystal 
display device in a wide viewing angle mode. 

20 Figure 35 is a schematic cross-sectional view of 

the conventional liquid crystal display device in a wide 
viewing angle mode. 



Figure 36 is a schematic cross-sectional view of 
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a conventional PALC. 



10 



15 



20 



Figure 37 is a schematic view illustrating the 
operation principle of the conventional PALC. 

Figure 38 is a schematic view illustrating the 
difference in viewing angle in a large display device. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereinafter, preferred embodiments of the present 
invention will be described with reference to the draw- 
ings. It should be noted that the present invention is 
not limited thereto. 

Embodiment 1 
Basic operation 

Referring to Figures 1A through ID, the operation 
principle of a liquid crystal display device 100 in an 
embodiment of the present invention will be described. 
Figure 1A is a schematic cross-sectional view of the 
liquid crystal display device 100 when no voltage is 
being applied, and Figure 1C is a schematic cross- 
sectional view thereof under the application of a volt- 
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age. Figure IB shows results obtained by observing the 
upper surface of the liquid crystal display device 100 
when no voltage is being applied with a polarizing 
microscope in crossed-Nicols, and Figure ID shows results 
5 obtained by observing the upper surface of the liquid 

crystal display device 100 under the application of a 
voltage with a polarizing microscope in crossed-Nicols. 

The liquid crystal display device 100 includes a 
10 liquid crystal layer 40 containing an n-type liquid 

crystal material (liquid crystal molecules) 42 with a 
negative dielectric anisotropy Ae between a pair of 
substrates 32 and 34. Homeotropic alignment layers 38a 
and 38b are provided on the surfaces of the substrates 32 
15 and 34 in contact with the liquid crystal layer 40. 

Convex portions 36 are formed on the surface of at least 
one of the substrates 32 and 34 on the liquid crystal 
layer 40 side. Because of the convex portions 36, the 
liquid crystal layer 40 has two different thicknesses d ont 
20 and d^. Consequently, a liquid crystal region exhibiting 
axis-symmetrical alignment under the application of a 
voltage is defined as a region surrounded by the convex 
portions 36, as described later. In Figures 1A through 
ID, electrodes for applying a voltage to the liquid 
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crystal layer 40 formed on the substrates 32 and 34 are 
omitted. 



As shown in Figure 1A, the liquid crystal mole- 
5 cules 42 are aligned by an alignment regulating force of 
the homeotropic alignment layers 38a and 38b in a direc- 
tion vertical to the substrates 32 and 34 when no voltage 
M is being applied. When pixel regions are observed when 

D no voltage is being applied with a polarizing microscope 

*E 10 in crossed-Nicols, a black field of view (normally black 

M mode) is exhibited as shown in Figure IB. Upon the 

application of a voltage, the liquid crystal molecules 42 
having a negative dielectric anisotropy Ae are provided 
M with a force which aligns the major axes of the liquid 

H 15 crystal molecules 42 in a direction vertical to the 

electric field direction. Therefore, the liquid crystal 
molecules 42 are tilted from a direction vertical to the 
substrates 32 and 34 (gray-scale display state), as shown 
in Figure 1C. When the pixel regions in this state are 
20 observed with a polarizing microscope in crossed-Nicols, 
extinction patterns are observed in the directions of 
polarization axes as shown in Figure ID. 



Figure 2 shows a voltage-transmittance curve of 
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the liquid crystal display device 100 of the present 
invention. The abscissa axis represents a voltage 
applied to the liquid crystal layer 40, and the ordinate 
axis represents a relative transmittance . When a voltage 
is increased from a normally black state when no voltage 
is being applied, the transmittance gradually increases. 
A voltage at which the relative transmittance with 
respect to a saturated transmittance becomes 10% is 
referred to as (threshold voltage). When the voltage 
is further increased, the transmittance further increases 
to reach saturation. A voltage at which the transmit- 
tance is saturated is referred to as V st (saturation 
voltage). In the case where a voltage applied to the 
liquid crystal layer 40 is between 1/2 and V 8t , the 

transmittance reversibly changes in the operation range 
shown in Figure 2. Under the application of a voltage in 
the vicinity of 1/2 V,*, the liquid crystal molecules are 
aligned in a direction almost vertical to the substrates, 
while remembering the symmetry with respect to central 
axes in axis-symmetrical alignment. Thus, when a voltage 
exceeding 1/2 is applied, it is considered that the 

liquid crystal molecules reversibly return to the "remem- 
bered" axis-symmetrical alignment state. However, when 
a voltage to be applied becomes lower than 1/2 V^, the 
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liquid crystal molecules are aligned in a direction 
almost vertical to the substrates without remembering the 
symmetry with respect to the central axes in the axis- 
symmetrical alignment. Thus, even when a voltage exceed- 
ing 1/2 is applied again, the direction in which the 
liquid crystal molecules are tilted is not uniquely 
determined. Therefore, due to the presence of a plurali- 
ty of central axes in axis-symmetrical alignment, the 
transmittance does not become stable. More specifically, 
a plurality of central axes are once formed in the 
regions defined by the convex portions 36 (i.e., pixel 
regions). For example, at a stage where an n-type liquid 
crystal material is injected into a liquid crystal cell, 
the liquid crystal molecules behave in the same way as in 
the case of an applied voltage of less than 1/2 V^. 



Thus, the display mode in the present embodiment 
becomes practically useful by applying a voltage realiz- 
ing axis-symmetrical alignment in the initial display, 
and using the device in the range of a voltage at which 
the alignment is stable after the commencement of the 
display. 



Convex portions defining pixel regions 
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As shown in Figure 1A, the liquid crystal display 
device 100 of the present invention has convex por- 
tions 36 so as to surround the pixel regions. In the 
case where the thickness (cell gap) of the liquid crystal 
5 layer 40 is uniform without convex portions 36, the 

positions and sizes of liquid crystal domains (continu- 
ously aligned regions: regions with no disclination 
lines) are not defined. Therefore, the liquid crystal 
molecules are aligned in a random direction, resulting in 
10 a rough display in gray scales. 

According to the present invention, the convex 
portions 36 define the positions and sizes of the liquid 
crystal regions exhibiting axis-symmetrical alignment. 

15 The convex portions 36 are formed for the purpose of 
controlling the thickness of the liquid crystal layer 40 
and weakening the interaction of the liquid crystal 
molecules between the pixel regions. Regarding the 
thickness of the liquid crystal layer 40, it is prefera- 

20 ble that the thickness d ont of the liquid crystal layer 40 
on the periphery of the pixel region is smaller than the 
thickness of the liquid crystal layer 40 in the pixel 
region (opening portion), i.e., > d OIlt , and the rela- 

tionship O^xd^ < d^ < O.Sxd^ is satisfied. More 
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specifically, in the case of O^xd^ > d oat , the effect of 
weakening the interaction of the liquid crystal molecules 
between the pixel regions by the convex portions 36 is 
not sufficient, and it may be difficult to form a single 
5 axis-symmetrically aligned region in each pixel region. 

Furthermore, in the case of d out > O.Bxd^, it may be 
difficult to inject a liquid crystal material into a 
liquid crystal cell. 

10 It is noted that a "pixel" is generally defined 

as the minimum unit for performing a display. The term 
"pixel region" used herein refers to a partial region of 
a display device corresponding to the "pixel". In the 
case of pixels having a large aspect ratio (i.e., long 

15 pixels), a plurality of pixel regions may be formed with 

respect to on 3 long pixel. The number of pixel regions 
formed corresponding to pixels is preferably as small as 
possible, as long as the axis-symmetrical alignment is 
stably formed. The term "axis-symmetrical alignment" 

20 refers to, for example, radial alignment, tangential 
alignment, etc. 

Control of positions of central axes in axis-symmetrical 
alignment 
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The positions of central axes in the axis -symmet- 
rically aligned regions generated under the application 
of a voltage have a great effect on display quality. 
Referring to Figures 3A through 3D, the relationship 
between the positions of central axes and the display 
quality will be described. As shown in Figure 3A, in the 
case where a central axis 44 is positioned at the center 
of each pixel region, even when a display surface is ob- 
served with a cell tilted, all the pixel regions are 
observed in the same way as shown in Figure 3C. As shown 
in Figure 3B, in the case where the central axes 44 are 
positioned shifted away from the centers of the pixel re- 
gions, the pixel regions with the shifted central axes 
are observed in a different way from the other pixel 
regions as shown in Figure 3D, which results in a rough 
display. This problem becomes particularly remarkable in 
gray scales. 

The positions of central axes in axis-symmetrical 
alignment can be controlled by adjusting the thick- 
ness d^x) of the liquid crystal layer in the pixel 
regions. As shown in Figures 4A and 4B, the thick- 
ness d^x) of the liquid crystal layer is continuously 
changed so that the thickness (x = 0) of the liquid 
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crystal layer becomes maximum and the thickness d^ (x = 
r) becomes minimum, where x = 0 at the center of the 
pixel region, and x = r at one end of the pixel region. 
It is preferable that the differential coefficient of 
5 d^Cx) is always negative and continuous from x = 0 to x 
= r. In view of the symmetry of the viewing angle 

characteristics, it is preferable that the thickness of 
H the liquid crystal layer is as symmetric as possible with 

□ respect to the center of each pixel region, 

lp 10 

f 8 - The axis-symmetrical alignment is formed with 

s good reproducibility by controlling the thickness of the 

|U liquid crystal layer as described above. This mechanism 

H will be described with reference to Figures 5A through 

H 15 5C. Figures 5A through 5C are schematic cross-sectional 

views illustrating a pixel region of the liquid crystal 
display device of the present invention. 



As shown in Figure 5A, a display electrode 52 is 
20 formed in a pixel region on the surface of one sub- 

strate 32, and a homeotropic alignment layer 58a is 
formed so as to cover the display electrode 52. The 
homeotropic alignment layer 58a has a cross-section in 
which the thickness of the liquid crystal layer 40 
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changes as shown in Figures 4A and 4B. The changes in 
the thickness d f of the homeotropic alignment layer 58a 
with respect to a position x is opposite to the changes 
in the thickness of the liquid crystal layer 40. There- 
fore, it is preferable that the differential coefficient 
of d f (x) of the homeotropic alignment layer 58a is posi- 
tive. A counter electrode 54 is formed on the surface of 
the other substrate 34 on the liquid crystal layer 40 
side, and a homeotropic alignment layer 58b is formed so 
as to cover the counter electrode 54. The homeotropic 
alignment layer 58b has a flat cross-section. 

Liquid crystal molecules 42 in the vicinity of 
the homeotropic alignment layer 58a are aligned in a 
direction vertical to the surface of the homeotropic 
alignment layer 58a, so that they are tilted from the 
substrate surface. Thus, when a voltage is applied 
across the electrodes 52 and 54 , the major axes of the 
liquid crystal molecules 42 become tilted from an elec- 
trical field direction E. As a result, the liquid 
crystal molecules 42 are tilted by the electrical field E 
only in directions represented by arrows in Figure 5A. 
A tilt angle 0 ? of the liquid crystal molecule from a 
direction normal to the substrate surface preferably 
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satisfies the relationship 0 < 0' < 3°. When 6 f exceeds 
about 3°, there is a large possibility that a phase 
difference may be caused by the liquid crystal molecules 
and light may leak to decrease the contrast ratio. 

5 

As described above, the cross-sectional shape 
(thickness) of the homeotropic alignment layer is changed 
to vary the thickness of the liquid crystal layer 40 as 
described with reference to Figures 4A and 4B, whereby 
10 the positions of central axes in axis-symmetrical align- 
ment can be controlled, and the axis-symmetrical align- 
ment can be realized with good reproducibility. 



In the example shown in Figure 5A, although the 
15 thickness of the liquid crystal layer 40 is controlled by 

the cross-sectional shape of the homeotropic alignment 
layer 58a, the method for controlling the thickness of 
the liquid crystal display device 40 is not limited 
thereto. For example, as shown in Figure 5B, a solid 
20 dielectric layer 59 having a desired cross-section may be 
separately formed, and the homeotropic alignment lay- 
er 58a having a uniform thickness may be formed thereon. 
The solid dielectric layer 59 can be formed by using a 
conventionally used overcoat agent, more specifically, an 
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epoxy-type coating agent, an epoxyacrylate-type coating 
agent, and the like. In the present embodiment, the 
thickness of the thickest portion of the solid dielectric 
layer 59 is, for example, in the range of 500 to 10000 
nm, and the thickness of the thinnest portion is, for 
example, in the range of 0 to 5000 nm. 

In the case where the thickness of the liquid 
crystal layer 40 is controlled by using the solid dielec- 
tric layer 59, the solid dielectric layer 59 is prefera- 
bly formed on the display electrode 52. As shown in 
Figure 5C, when the display electrode 52 is formed on the 
solid dielectric layer 59, the electric field direction E 
is tilted from the substrate surface, so that in most 
cases, the direction in which the liquid crystal mole- 
cules are tilted is not uniquely determined. 

Liquid crystal material 

The liquid crystal material used in the present 
invention is of an n-type which has a negative dielectric 
anisotropy (Ac < 0). The absolute value of Ae can be 
appropriately determined depending upon the purpose. In 
general, considering that a driving voltage is decreased, 
the absolute value is preferably large. 
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Retardation d-An under the application of a 
voltage is an important factor which influences critical 
device characteristics such as transmittance and viewing 
angle characteristics of a device. m the display mode 
of the present invention, the retardation peculiar to a 
liquid crystal cell determined by the product of An 
peculiar to a liquid crystal material and a thickness d 
of a liquid crystal layer is not necessarily defined to 
be an optimum value. According to the present invention, 
the retardation at the maximum driving voltage to be used 
is important, which will be described below. 

Figure 6 shows a voltage-transmittance curve of 
a liquid crystal display device having a retardation 
value larger than the optimum retardation value (first 
minimum condition under which a transmittance becomes 
maximum: d-An - 450nm). m such a liquid crystal display 
device, it is not required to use a voltage at which a 
transmittance exceeds the maximum point of a relative 
transmittance, and the device may be driven in a region 

where the relative transmittance monotonously increases. 

More specifically, a voltage at which the relative 

transmittance becomes maximum may be set as the maximum 

driving voltage V M in Figure 6. 
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Regarding the range of retardation, a product 
d-An (retardation) of apparent An (anisotropy of a 
refractive index: a value at the maximum driving voltage) 
of liquid crystal molecules when a liquid crystal cell is 
produced and an average thickness d of the liquid crystal 
layer is preferably in the range of about 300 nm to about 
500 nm. There is a second minimum condition (retarda- 
tion: about 1000 nm to about 1400 nm) for the transmit- 
tance to become local maximum. However, the second 
minimum condition is not preferable since the viewing 
angle characteristics when no voltage is being applied 
decrease. Furthermore, the relationship between the 
level of an applied voltage and the transmittance becomes 
inverted depending upon the viewing angle, what is 
called, a gray-scale inversion (contrast inversion) 
phenomenon occurs under the second minimum condition, 
which is not preferable. 



The twist angle of the liquid crystal molecules 
in the liquid crystal layer is also an important factor 
determining the transmittance of the liquid crystal 
display device. According to the present invention, the 
twist angle at the maximum driving voltage is as impor- 
tant as the retardation, m principle, the transmittance 
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of the liquid crystal display device becomes maximum in 
the case where the twist angle is 90° and 270°. However, 
in the case of the twist angle of 270°, it is difficult 
to stably produce axis-symmetrical alignment, so that the 
twist angle in the vicinity of 90' at which the transmit- 
tance becomes maximum in the voltage-transmittance curve 
is preferable. The twist angle under the application of 
the maximum driving voltage is preferably in the range of 
about 45" to about 110". According to the present 
invention, since the n-type liquid crystal molecules are 
used, the apparent twist angle of the liquid crystal 
molecules depends upon a voltage. The twist angle when 
no voltage is being applied is almost 0", and the twist 
angle increases with the increase in the applied voltage. 
When a sufficient voltage is applied, the twist angle 
approaches that peculiar to the liquid crystal material. 

The combination of the twist angle and the 
retardation in the above-mentioned range under the 
application of the maximum driving voltage is more 
preferable, because it allows the transmittance to ap- 
proach the maximum value more effectively. 
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Photocurable resin 

As described above with reference Figure 2, it is 
preferable that a voltage of 1/2 Vtk or more is always 
applied to the liquid crystal display device of the 
present invention. if a voltage is applied to liquid 
crystal molecules aligned in a direction vertical to the 
substrates, the direction in which the liquid crystal 
molecules are tilted is not uniquely determined. As a 
result, a plurality of central axes are transiently 
formed. if a voltage is continued to be applied, a 
single central axis is formed in each region defined by 
the convex portions, and this state is stably maintained 
as long as a voltage of 1/2 v tt or more is applied. 

An axis-symmetrical alignment fixing layer is 
formed by curing a photocurable resin mixed in a liquid 
crystal material under the application of a voltage of 
1/2 Vth or more for stabilizing axis-symmetrical align- 
ment. The axis-symmetrical alignment fixing layer is 
capable of stabilizing the axis-symmetrical alignment. 
After the photocurable resin is cured, a plurality of 
central axes are not formed even when a voltage of 1/2 
or more is removed. Thus, the axis -symmetrical alignment 
is formed with good reproducibility. The axis-symmetri- 
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cal fixing layer will be described in detail later. 

As the photocurable resin used in the present 
invention, an acrylate type resin, a methacrylate type 
resin, a styrene type resin, and derivatives thereof can 
be used. By adding a photopolymerization initiator to 
these resins, the photocurable resin can be cured more 
efficiently. A thermosetting resin can also be used. 

The adding amount of the curable resin 
(photocurable or thermosetting resin) is not particularly 
limited in the present invention, with the optimum amount 
being variable depending upon the material. However, it 
is preferable that the content of the resin (% based on 
the total weight including the weight of the liquid 
crystal material) is about 0.1% to about 5%. When the 
content is less than about 0.1%, the axis -symmetrical 
alignment state cannot be stabilized by the cured resin. 
When the content exceeds about 5%, the effect of the 
homeotropic alignment layer is reduced, so that the 
liquid crystal molecules are aligned largely shifted from 
homeotropic alignment when no voltage is being applied. 
This causes the light transmittance (light leakage) to 
increase, deteriorating the black state when no voltage 
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Phase difference plate 

In the case where a vertically aligned liquid 
crystal molecules are disposed between two polarizing 
plates whose optical axes are orthogonal to each other, 
a satisfactory black state with a high contrast is 
obtained in the front surface direction. However, when 
the device is observed from a different viewing angle, a 
contrast ratio is decreased due to light leakage, depend- 
ing upon (i) the viewing angle dependence of characteris- 
tics of the polarizing plates and (ii) the viewing angle 
dependence of retardation of a liquid crystal layer (the 
retardation of the vertically aligned liquid crystal 
molecules is changed depending upon the direction). This 
phenomenon occurs particularly in the 45° direction from 
the polarization axis (azimuth angle, i.e., intra-sub- 
strate angle). in order to prevent this phenomenon, it 
is effective to decrease the retardation of the vertical- 
ly aligned liquid crystal molecules. Alternatively, it 
is preferable that a phase difference plate having a 
negative uniaxial "Frisbee-type" refractive oval body is 
disposed between the liquid crystal cell and the polariz- 
ing plate. A biaxial phase difference film having the 
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relationship in which the refractive index n 
intra-display surface direction is greater than the 
refractive index n 2 in a direction vertical to a display 
surface may be used. It is preferable that the phase 
difference of this phase difference plate is smaller than 
the retardation peculiar to the liquid crystal cell 
determined by the product of An peculiar to the liquid 
crystal material and a thickness d of the liquid crystal 
layer. More preferably, the retardation peculiar to the 
liquid crystal cell is in the range of about 30% to about 
80%. When the retardation is less than about 30%, the 
effect of the phase difference plate is small. When the 
retardation is more than about 80%, staining becomes 
large in the wide viewing angle direction, which is not 
15 preferable. 



20 



Homeotropic alignment layer 

As the homeotropic alignment layer, any layers 
having the surface capable of vertically aligning liquid 
crystal molecules may be used. The homeotropic alignment 
layer can be made of an inorganic material or an organic 
material. For example, polyimide-type materials (JALS- 
204, produced by Japan Synthetic Rubber Co., Ltd.; 1211, 
produced by Nissan Chemical Industries, Ltd.), inorganic 
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materials (EXP-OA003; produced by Nissan Chemical Indus- 
tries, Ltd.), and the like can be used. 

Embodiment 2 

The present invention is also applicable to a 
PALC. Figure 7 is a schematic cross-sectional view of a 
PALC 400 in the present embodiment. The PALC 400 in- 
cludes a counter substrate 120, a plasma substrate 110, 
and a liquid crystal layer 102 disposed therebetween. 
The liquid crystal layer 102 is sealed with a seal- 
ant 106. The plasma substrate 110 includes a sub- 
strate 111, a dielectric sheet 116 opposing the sub- 
strate 111, and a plurality of plasma chambers 113 
defined by partition walls 112 provided between the 
substrate 111 and the dielectric sheet 116. The plasma 
chambers 113 oppose the liquid crystal layer 102 with the 
dielectric layer 116 disposed therebetween. Gas sealed 
in each plasma chamber 113 is ionized by applying a 
voltage across an anode 114 and a cathode 115 formed on 
the surface of the substrate 111 on the plasma cham- 
ber 113 side, whereby plasma discharge occurs. A plural- 
ity of chambers 113 extend in the shape of stripes in a 
direction vertical to the drawing surface of Figure 7 in 
such a manner as to be orthogonal to transparent elec- 
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trodes 105 formed on the surface of the counter sub- 
strate 120 on the liquid crystal layer 102 side. Inter- 
sections of the plasma chambers 113 and the transparent 
electrodes 105 define pixel regions. Compared with a 
simple matrix type liquid crystal display device, the 
transparent electrodes 105 on the counter substrate 120 
correspond to display electrodes (signal electrodes), and 
the plasma chambers 113 correspond to scanning elec- 
trodes . 



Convex portions 132 in the shape of a lattice 
are formed on the counter substrate 120 on the liquid 
crystal layer 102 side so as to correspond to the non- 
pixel regions. The convex portions 132 allow axis- 
symmetrically aligned regions to be formed so as to 
correspond to the pixel regions. Furthermore, 
homeotropic alignment layers 134a and 134b are provided 
on the surfaces of the plasma substrate 110 and the 
counter substrate 120 on the liquid crystal layer 102 



10 



20 



side. 



The basic operation, the convex portions defining 
the pixel regions, the control of the positions of 
central axes in axis-symmetrical alignment, the liquid 
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crystal material, the photocurable resin, the phase 
difference plate, and the homeotropic alignment layer are 
basically the same as described in Embodiment 1. There- 
fore, the detailed descriptions thereof will be omitted 
here. The unique characteristics of the PALC will be 
described below. 

In the case of the PALC according to the present 
invention, regarding Ae of the liquid crystal material, 
z f/ is preferably as small as possible because voltage can 
be easily applied to the liquid crystal layer. More 
specifically, z f/ is preferably in the range of 2.5 to 
3.3. (Here, Ae is defined as a difference between z n and 
z ± . z f/ is the component of the dielectric constant 
parallel to the direction of orientation vector of the 
liquid crystal molecules, and e x is the component of the 
dielectric constant perpendicular thereto. ) 

Regarding the solid dielectric layer, a voltage 
to be applied to the liquid crystal layer 102 is divided 
between the liquid crystal layer 102 and the dielectric 
sheet 116 in accordance with the capacitance (see Fig- 
ure 7). In general, in the case of the PALC, the thick- 
ness of the dielectric sheet 116 is larger than that of 



S97448 

- 59 - 



10 



15 



20 



the liquid crystal layer 102, so that a voltage applied 
to the liquid crystal layer 102 is smaller than that 
applied to the dielectric sheet 116. Thus, the effect of 
the voltage drop caused by the formation of a solid 
dielectric layer on the surface of the dielectric 
sheet 116 on the liquid crystal layer 102 side is rela- 
tively small, so that the formation of a solid dielectric 
layer with a thickness of about several pm does not cause 
any practical problems. 

Arrangement of polarizing plates 

When there is a difference in refractive index on 
an attachment surface between the plasma substrate and 
the thin glass sheet (i.e., the dielectric sheet), light 
leaks from the attachment surface due to the 
birefringence and the difference in refractive index with 
respect to polarized light, whereby the attachment 
portion becomes visible. This phenomenon becomes most 
obvious in the case where the angle between the polariza- 
tion axes of the polarizing plates and the surface having 
the difference in refractive index is 45°. in the case 
where this angle is 0' or 90', this phenomenon becomes 
minimum. in the case of a device in a TN mode, in order 
to widen the viewing angle in the sideward direction as 
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seen by an observer, considering its viewing angle 
characteristics (Figure 8A), the polarizing plates are 
generally disposed in such a manner that the polarization 
axes are tilted by 45° from the crosswise direction on 
the display surface as shown in Figure 8B. when the 
polarizing plates of the PALC in a TN mode are disposed 
in this way, since the plasma chamber structure causing 
the difference in refractive index extends in the ordi- 
nate or abscissa direction of the display surface, the 
plasma chamber structure is easily visualized. However, 
the axis -symmetrical alignment mode (vertical ASM mode) 
used in the present invention has viewing angle charac- 
teristics with high symmetry, as shown in Figure 9; 
therefore, the polarization axes of the polarizing plates 
can be disposed in a crosswise direction of the display 
surface, whereby the plasma chamber structure can be made 
invisible. In this respect, there is an advantage that 
the axis -symmetrical alignment is applied to the PALC. 



20 Embodiment 3 

Basic Structure and Operation Principle 

In the present embodiment, the case where concave 
portions or through-holes (hereinafter, referred to as 
axis-symmetrical alignment central axis forming portions) 
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for axis-symmetrically aligning liquid crystal molecules 
are provided at predetermined positions (preferably, 
substantially central portions of the pixel regions) of 
electrodes on at least one substrate will be described. 



Referring to Figures 10A through 10D, the basic 
structure and operation principle of a liquid crystal 



display device 100 in the 



described. Figure 10A is a schematic cross-sectional 



9? 



view of the liquid crystal 
voltage is being applied, a 



15 



20 



cross-sectional view thereof 
voltage. Figure 10B shows results obtained by observing 



the upper surface of the 
vice 100 shown in Figure 10A 



present embodiment will be 



display device 100 when no 
d Figure 10C is a schematic 
under the application of a 



Liquid crystal display de- 
with a polarizing microscope 



in crossed-Nicols, and Figuro 10D shows results obtained 
by observing the upper surface of the liquid crystal 
display device 100 shown in Figure 10B with a polarizing 
microscope in crossed-Nicols, 

The liquid crystal display device 100 includes a 
liquid crystal layer 40 containing a liquid crystal 
material (liquid crystal molecules) 42 with a negative 
dielectric anisotropy Ae between a pair of substrates 32 
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and 34. Transparent electrodes 31 and 33 are provided on 
the surfaces of the substrates 32 and 34 on the liquid 
crystal layer 40 side, respectively. Homeotropic align- 
ment layers 38a and 38b are provided on the transparent 
electrodes 31 and 33, respectively. Furthermore, an 
axis-symmetrical alignment central axis forming por- 
tion 35 is provided at a predetermined position (prefera- 
bly, a substantially central portion of each pixel 
region) of each of the electrodes (electrodes 31 in 
Figure 10A) on at least one substrate. Convex por- 
tions 36 are formed on the surface of at least one of the 
substrates 32 and 34 (substrate 32 in Figure 10A) on the 
liquid crystal layer 40 side. 

Because of the convex portions 36, the liquid 
crystal layer 40 has two different thicknesses d oat and 
d^. As a result, upon the application of a voltage for 
forming axis-symmetrical alignment central axes (de- 
scribed later), liquid crystal regions exhibiting axis- 
symmetrical alignment are defined by the convex por- 
tions 36. The formation of the convex portions 36 
defines the positions and sizes of the liquid crystal 
regions exhibiting axis-symmetrical alignment. The 
detail of the convex portions 36 is as described in 
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Embodiment 1. Furthermore, the position of each axis- 
symmetrical alignment central axis is controlled by the 
axis-symmetrical alignment central axis forming por- 
tion 35. Thus, as shown in Figure IOC, the liquid 
crystal molecules 42 are axis-symmetrically aligned 
around an axis-symmetrical alignment central axis 44 
formed in the axis-symmetrical alignment central axis 
forming portion 35 in the pixel region defined by the 
convex portions 36. 



The liquid crystal molecules 42 are aligned in a 
direction vertical to the substrates 32 and 34 by an 
alignment regulating force of the homeotropic alignment 
layers 38a and 38b when no voltage is being applied as 
shown in Figure 10A. When the pixel regions are observed 



with a polarizing microscope 



in crossed-Nicols when no 



voltage is being applied, a darta field of view (normally 
black mode) is exhibited as— k&pwn in Figure 10 B. Upon 




} the liquid crystal mole- 



the application of a vol( 
cules 42 having a negative dielectric anisotropy Ae are 
provided with a force which aligns the major axes of the 
liquid crystal molecules 42 in a direction vertical to 
the electric field direction. Therefore, the liquid 
crystal molecules 42 are tilted from the direction verti- 
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cal to the substrates as 
display state), when 
observed with a polar 1*1 
extinction patterns are 
polarization axes. 




shown in Figure 10B (gray-scale 
Pixel regions in this state are 
'microscope in crossed-Nicols, 
observed in the directions of 



fjj 
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Figure 2 shows a voltage-transmittance curve of 
the liquid crystal display device of the present inven- 
tion. The abscissa axis represents a voltage, and the 

ordinate axis represent.! a 

presents a relative transmittance. As 

shown in Figure 2 , when a vQltage ±s increase ^ 
transmittance gradually increases. when the voltage is 
further increased, the transmittance further increases to 
reach saturation. 

When a voltage is increased from the non-appii C a- 

tion state, the liquid crystal 

m ia crystal molecules 42 are tilted 

from a direction vertical -k-, 

vertical to the substrates 32 and 34. 

However, the direction in which «,« n 

wnich the liquid crystal 

■nolecuies 42 ate tiited is not uniguely determined _ 
According to the present invention, clause of the convex 
portions 36. a plu raiit y of oentrai axes in axis- 
sy-etrioai aiignment (hereinafter. merely referred to as 
"centra! axes", are formed i„ liquid crystal 
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exhibiting axis-symmetrical alignment defined by the 
convex portions 36. However, when such a plurality of 
central axes are present, both the alignment and the 
transmittance are unstable. 

When a voltage of 1/2 or more is continued to 
be applied, a plurality of central axes become a single 
central axis in each liquid crystal region defined by the 
convex portions 36. In the case where a voltage applied 
to the liquid crystal layer 40 is between 1/2 and V 8t , 
the transmittance reversibly changes in the operation 
range as shown in Figure 2. Under the condition that a 
voltage in the vicinity of 1/2 is applied, the liquid 
crystal molecules are aligned in a direction almost 
vertical to the substrates, while remembering the axis- 
symmetrical alignment state under the application of a 
voltage of 1/2 or more, i.e., the symmetry with 

respect to the central axis. However, when the voltage 
is removed or the voltage is decreased to less than 1/2 
V^, the liquid crystal molecules are aligned in a 
direction almost vertical to the substrates and return to 
a state not remembering the axis-symmetrical alignment 
state. Thus, even when a voltage exceeding 1/2 is 

applied again, a plurality of central axes are once again 
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formed. For example, at a stage where an n-type liquid 
crystal material is injected into a liquid crystal cell, 
the liquid crystal molecules behave in the same way as in 
the case of an applied voltage of less than 1/2 V^. 

As described above, the liquid crystal display 
device of the present invention operates in a normally 
black mode in which the liquid crystal molecules are 
aligned in a direction vertical to the substrates to 
perform a black display when no voltage is being applied, 
and the liquid crystal molecules are axis-symmetrically 
aligned around a central axis formed in each pixel region 
to perform a white display under the application of a 
voltage. However, a plurality of central axes are formed 
after the application of a voltage, so that the operation 
becomes unstable with a black display being performed 
when no voltage is being applied. In order to achieve a 
stable operation in the display mode of the present 
invention, it is desirable that one central axis is 
formed in each pixel region prior to a display operation. 

In order to form one central axis in each pixel 
region before the display operation, a predetermined 
voltage, i.e., a voltage of 1/2 or more should be 
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applied. Thus, one central axis is formed in each pixel 
region, whereby a stable axis-symmetrical alignment state 
can be realized during a white display. However, the 
removal of the voltage allows a plurality of central axes 
5 to be formed as in an initial unstable state. Therefore, 

the device should be used under the application of a 
predetermined voltage, i.e., a voltage in the vicinity of 
1/2 without removing the voltage even during a black 
display after the commencement of a display. In the 
10 display mode of the present invention, the device is 

preferably used in the range of a voltage at which a 
stable axis-symmetrical alignment state is obtained, 
i.e., in the range of 1/2 to V Bt . 

15 To form one central axis in each pixel region 

before the display operation for the purpose of obtaining 
a stable operation state is referred to as "axis -symmet- 
rical alignment central axis forming process". A voltage 
applied for the purpose of forming central axes is 

20 referred to as "axis-symmetrical alignment central axis 
forming voltage". 

Control of the positions of central axes 

As described above, according to the present 
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invention, the liquid crystal molecules are aligned in a 
direction vertical to the substrates when no voltage is 
being applied. When a voltage is continued to be ap- 
plied, the liquid crystal molecules are axis-symmetrical- 
5 ly aligned around one central axis in each liquid crystal 

region defined by the convex portions. Thus, a liquid 
crystal display device with a high contrast and a wide 
viewing angle can be realized. 

10 However, since the direction in which the liquid 

crystal molecules are tilted under the application of a 
voltage is not uniquely determined, the central axes can 
be formed at arbitrary positions, depending upon the 
pixel region. For example, there is a possibility that 

15 the central axis is formed at different positions even in 

the identical pixel region every time a voltage is 
applied. Alternatively, there is a possibility that even 
if an identical voltage is simultaneously applied, an 
axis-symmetrical alignment central axis forming voltage 

20 may be applied to the liquid crystal molecules in various 
manners depending upon the pixel region, whereby the 
central axes are formed at different positions, depending 
upon the pixel region. 
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When the positions at which the central axes are 
formed vary depending upon the pixel region, there is a 
great effect on display quality. The relationship 
between the positions of the central axes and the display 
5 quality is as described with reference to Figures 3A 
through 3D. More specifically, in the case where the 
central axis 44 is formed at each central position in the 
pixel regions as shown in Figure 3A, all the pixel 
regions are observed in a similar manner even when the 

10 display surface is observed with a cell tilted as shown 
in Figure 3C. In the case where some central axes are 
formed shifted from central portions of the pixel regions 
as shown in Figure 3B, the pixel regions with the central 
axes shifted are observed in a different manner from the 

15 other pixel regions as shown in Figure 3D, so that a 

nonuniform (rough) display is obtained. This problem 
becomes serious particularly in a gray-scale display. 

In order to obtain a display without any rough- 
20 ness, it is preferable that the positions of the central 
axes are controlled by conducting an axis-symmetrical 
alignment central axis forming process prior to perform- 
ing a display. Regions where the liquid crystal mole- 
cules keep a homeotropic alignment state even under the 
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application of a voltage are provided in the pixel 
regions by the axis symmetrical alignment central axis 
forming process, whereby the positions of the central 
axes can be controlled. The regions where the liquid 
5 crystal molecules keep a homeotropic alignment state even 
under the application of a voltage can be provided by 
forming axis-symmetrical alignment central axis forming 
portions in the electrodes in the pixel regions. In this 
case, it is preferable that Sa satisfies 0% < Sa/A < 

10 about 4%, where Sa is an area of a region where the 

liquid crystal molecules are aligned in a direction 
vertical to the substrates under the application of an 
axis-symmetrical alignment central axis forming voltage 
in each pixel region, and A is an area of each pixel 

15 region, for the following reason. When Sa is 0, there is 

no effect of controlling the positions of the central 
axes. When Sa is about 4% or more, the ratio of the 
axis-symmetrical alignment central axis forming portions 
which do not contribute to a display is too large, and 

20 those portions become black defects, decreasing the con- 
trast in most cases. 

The liquid crystal molecules in the axis-symmet- 
rical alignment central axis forming portions are stable 
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without the alignment state thereof being influenced by 
an electric field. Furthermore, even when a central axis 
is formed in a position of the pixel region other than 
the portion where the liquid crystal molecules keep a 
5 homeotropic alignment state even under the application of 
a voltage, the central axis moves from the portion where 
it is originally formed to the portion where the liquid 
;^ crystal molecules keep a homeotropic alignment state by 

" continuing to apply an axis-symmetrical alignment central 

rf! 10 axis forming voltage. Thus, the central axis is formed 

r f * in portion of the pixel region where the liquid 

f crystal molecules keep a homeotropic alignment state even 

z: r~:: 
f-l jj 

if: under the application of a voltage. The time required to 

^ allow the central axis to move to a predetermined posi- 

15 tion (i.e., a portion where the liquid crystal molecules 

keep a homeotropic alignment state even under the appli- 
cation of a voltage) should be prescribed to be, for 
example, tens of seconds or more. Furthermore, the 
application of an axis-symmetrical alignment central axis 
20 forming voltage while heating a liquid crystal cell 

facilitates the movement of the central axis from the 
portion where the axis is originally formed to the 
portion where the liquid crystal molecules keep a 
homeotropic alignment state, as a result of which the 
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controllability of the positions of the central axes are 
furthermore improved . 

Alternatively, by providing an axis-symmetrical 
alignment central axis forming portion at a predetermined 
position (preferably, a substantially central portion of 
each pixel region) of each electrode in the pixel re- 
gions, the positions of the central axes can be con- 
trolled . Figures 11A and 11B show the states of the 
electric force and the alignment of the liquid crystal 
molecules under the application of a voltage to a liquid 
crystal cell in which an axis-symmetrical alignment 
central axis forming portion is provided in a pixel 
region. In these figures, the reference numeral 1 
denotes substrates, 2 denotes electrodes, 2a denotes an 
axis-symmetrical alignment central axis forming portion, 
13 denotes an electric force, and 14 denotes liquid 
crystal molecules. 

An electric field in the vicinity of the boundary 
between the axis-symmetrical alignment central axis 
forming portion 2a and the electrode 2 is strained by 
providing the axis-symmetrical alignment central axis 
forming portion 2a, and as shown in Figure 11A, an 
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electric force 13 having a component parallel to the 
substrates is generated. Consequently, as shown in 
Figure 11B, the liquid crystal molecules in the pixel 
region are influenced by the strained electric field, and 
5 even when the central axis is formed in a portion of the 

pixel region not corresponding to the axis-symmetrical 
alignment central axis forming portion 2a, the central 
axis moves from the portion where the axis is originally 
formed to a portion of the pixel region corresponding to 
10 the axis-symmetrical alignment central axis forming 

portion 2a. Thus, the axis-symmetrical alignment central 
axis is formed in the portion of the pixel region corre- 
sponding to the axis-symmetrical alignment central axis 
forming portion 2a. 

15 

Alternatively, the positions of the central axes 
can be controlled by adjusting the thickness of the 
liquid crystal layer in the pixel region. The adjustment 
of the thickness of the liquid crystal layer in the pixel 
20 region is as described in Embodiment 1 with reference to 
Figures 4A and 4B. 

Stabilization of an axis-symmetrical alignment state of 
the liquid crystal molecules under the application of an 
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axis-symmetrical alignment central axis forming voltage 

In order to perform a stable display operation in 
a display mode of the present invention, it is desirable 
that an axis-symmetrical alignment state is stabilized by 
forming one central axis in each pixel region prior to a 
display operation. For this purpose, as described above, 
the axis-symmetrical alignment central axis forming 
process should be conducted, in which a predetermined 
voltage is applied prior to the display operation. 
Furthermore, it is preferable that a predetermined 
voltage is applied even during a black display after the 
commencement of the display operation, and the operation 
voltage, for example, in the range of 1/2 to V st , 

capable of obtaining a stable axis-symmetrical alignment 
state is used. The reason for applying a predetermined 
voltage even during a black display is that the liquid 
crystal molecules are allowed to remember an axis-symmet- 
rical alignment state (i.e., symmetry with respect to a 
central axis) formed upon the application of a voltage of 
1/2 or more so as not to return to the initial state. 
The axis-symmetrical alignment central axis forming 
process may be conducted every time before the commence- 
ment of the display operation after the completion of a 
liquid crystal display device, or may be included in the 
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course of the production of a liquid crystal display 
device . 

Axis-symmetrical alignment fixing layer 

5 According to the present invention , when no 

voltage is being applied, the liquid crystal molecules 
may be prescribed to assume an axis-symmetrical alignment 
state similar to that under the application of a voltage 
in the vicinity of 1/2 V^. In order to realize this, the 
10 axis-symmetrical alignment fixing layer can be formed on 

the surface of at least one of the substrates on the 
liquid crystal layer side. By forming the axis- 
■pfj symmetrical alignment fixing layer, an axis-symmetrical 

pretilt angle can be provided to liquid crystal molecules 

? SB 5 

15 in each liquid crystal region exhibiting axis-symmetrical 

alignment even under the condition that a voltage of 1/2 
or more is not applied. Although the liquid crystal 
molecules are provided with a pretilt angle by the axis- 
symmetrical alignment fixing layer even when no voltage 

20 is being applied, the tilt of the liquid crystal mole- 
cules from a direction normal to the substrates is small, 
and a black level is substantially equal to that in the 
case without the axis-symmetrical alignment fixing layer. 
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The axis-symmetrical alignment fixing layer can 
be formed by a method including the steps of disposing a 
precursor mixture containing at least a liquid crystal 
material and a photocurable material between a pair of 
substrates, and curing the photocurable material in the 
mixture* The photocurable material is cured, for exam- 
ple, by exposing the precursor mixture disposed between 
the substrate to light under the application of an axis- 
symmetrical alignment central axis forming voltage. Any 
appropriate light exposure conditions can be adopted. A 
thermosetting material can be used in place of the 
photocurable material. In the case of using the thermo- 
setting material, any appropriate curing conditions 
(heating conditions) can be adopted. The content of the 
curable material in the precursor mixture is as described 
in Embodiment 1 . 

The photocurable material is preferably used for 
the following reason. Desired regions of the 

photocurable material can be selectively cured, using a 
photomask or the like, so that liquid crystal regions 
(polymer regions) are likely to be formed in a regular 
manner in terms of space. If materials transmitting 
light with a desired wavelength are used for transparent 
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electrodes and color filters in a liquid crystal display 
device, these members can be used in place of a 
photomask. The use of the members of the liquid crystal 
display device as a photomask has the advantage in that 
the liquid crystal regions can be formed in a self- 
matching manner . 

In order for the axis-symmetrical alignment 
fixing layer to provide an axis-symmetrical pretilt angle 
to the liquid crystal molecules in each liquid crystal 
region exhibiting axis-symmetrical alignment when no 
voltage of 1/2 or more is being applied, it is 

desirable that the liquid crystal molecules are tilted at 
a certain angle with respect to a direction normal to the 
substrates in the course of the formation of the axis- 
symmetrical alignment fixing layer (that is, it is 
desirable that the liquid crystal molecules have a tilt 
angle). In order to tilt the liquid crystal molecules at 
a certain angle with respect to a direction normal to the 
substrates, a voltage should be applied. The # applied 
voltage should be, for example, in the range of 1/2 to 
V 8t capable of stabilizing axis-symmetrical alignment. 

The axis-symmetrical alignment central axis 
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forming voltage can be applied by using the electrodes 
(31 and 33 in Figure 10A) which apply a voltage to the 
liquid crystal layer 40 for performing a display. The 
axis-symmetrical alignment central axis forming voltage 
is preferably an AC with a frequency of 1 Hz or more. 
The reason for using an AC is that the use of a DC may 
degrade the precursor mixture. When the frequency of the 
voltage is less than 1 Hz, the liquid crystal molecules 
become unlikely to follow the changes in voltage, making 
it impossible to axis-symmetrically align the liquid 
crystal molecules. In order to tilt the liquid crystal 
molecules at a certain angle with respect to a direction 
normal to the substrates, a magnetic field may be applied 
in place of the axis-symmetrical alignment central axis 
forming voltage. 

Examples 

Hereinafter, the present invention will be 
described by way of illustrative examples. However, the 
present invention is not limited thereto. 

Example 1 

Referring to Figures 12A and 12B, a method for 
producing a liquid crystal display device in the present 
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example will be described. Convex portions 66 with a 
height of about 3 \xm were formed with a photoresist 
(OMR83; produced by Tokyo Ohka-sha) on regions other than 
pixel regions of a substrate 62 having transparent 
5 electrodes 63 made of ITO (thickness: about 100 nm ) on 
its surface. Then, spacers 65 with a height of about 5 
pm were formed on the convex portions 66 with photosensi- 
tive polyimide. The size of a region (i.e., a pixel 
region) defined by the convex portions 66 was prescribed 

10 to be 100 ym x 100 pm. Polyimide (JALS-204; produced by 

Japan Synthetic Rubber Co., Ltd.) was spin-coated onto 
the resultant substrate to form a homeotropic alignment 
layer 68. Furthermore, a homeotropic alignment layer was 
also formed with the same material on transparent elec- 

15 trodes of the other substrate (not shown). These sub- 
strates were attached to each other to complete a liquid 
crystal cell. 

An n-type liquid crystal material (Ae = -4.0; An 
20 =0.08; a twist angle peculiar to the liquid crystal 
material = 90° in a cell gap of 5 pm, ) was injected in.o 
the cell produced as described above, and a voltage of 
about 7 volts was applied to the cell. Immediately after 
the application of the voltage, a plurality of central 
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axes are present in an initial state. When the voltage 
is continued to be applied, one axis-symmetrical align- 
ment region (monodomain) was formed in each pixel region. 

5 Polarizing plates were disposed in crossed-Nicols 

on both sides of the cell, whereby a liquid crystal 
display device was produced. The structure of the liquid 
crystal display device thus obtained was substantially 
the same as that of the liquid crystal display device 100 

10 shown in Figures 1A through ID, except that the cross- 

section of the homeotropic alignment layer 68 had the 
shape of a mortar as shown in Figure 12A (polarizing 
plates are not shown). Since the homeotropic alignment 
layer 68 has a cross-section in the shape of a mortar, a 

15 differential coefficient of a curve showing changes in 
thickness with respect to the position ( from a central 
portion of a pixel to a peripheral portion thereof ) is 
positive, and a differential coefficient of a curve 
showing changes in thickness of the liquid crystal layer 

20 in the pixel region is negative. 

The axis-symmetrical alignment of the cell in 
Example 1 is stable under the application of a voltage of 
1/2 or more, and is disturbed when the voltage is 
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decreased to less than 1/2 to return to an initial 

state. When a voltage is applied to the cell again, an 
initial axis-symmetrical alignment with a plurality of 
central axes is obtained. Thereafter, an axis-symmetri- 
cal alignment state in which one central axis is formed 
in each pixel region is obtained. This phenomenon is 
obtained even when the same experiment is conducted 20 
times. After forming the axis-symmetrical alignment 
state by the application of a voltage of 1/2 or more, 
the cell in Example 1 was measured for electro-optic 
characteristics in a voltage range (1/2 V tt or more) in 
which the axis-symmetrical alignment was stable . 

Figure 13 shows the electro-optic characteristics 
thus obtained. As is apparent from Figure 13, the liquid 
crystal display device of the present invention had a 
satisfactory contrast ratio (CR = 300:1, 5 volts) with a 
low transmittance when no voltage is being applied. 
Regarding the viewing angle characteristics, a high 
contrast ratio was obtained in a wide viewing angle range 
as shown in Figure 14. In Figure 14, i|r represents an 
azimuth angle (i.e., intra-display surface angle), 6 
represents a viewing angle (i.e., a tilt angle from a 
normal to the display surface), and the hatched portion 
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represents the region with a contrast of 10:1 or more. 

Comparative Example 1 

In Comparative Example 1, the homeotropic 
alignment layer 68 was directly formed on the transparent 
electrode 63 formed on the surface of the substrate 62 
shown in Figures 12A. Thereafter, the spacers 65 were 
formed using photosensitive polyimide in the same way as 
in Example 1. In Comparative Example 1, the convex 
portions 66 as shown in Figures 12A and 12B were not 
formed. The resultant substrate was attached to the 
counter substrate obtained in the same way as in Example 
1 to produce a liquid crystal cell. The thickness of the 
liquid crystal layer in the pixel regions in the cell was 
constant . 

When the same material as that in Example 1 was 
injected into the cell, the liquid crystal molecules were 
randomly aligned, and disclination lines were formed in 
a random manner. The cell was observed under the appli- 
cation of a voltage, showing that the display was rough 
in gray scales. 
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Example 2 

As shown in Figure 15, a projection 69 was formed 
in a central portion of a pixel region on the sub- 
strate 62 having the convex portions 66 in Example 1 
5 using a resist material (0MR83). The width of the 

projection 69 is preferably about 1/10 or less of that of 
the pixel region. When the width of the projection 69 
exceeds about 1/10 of that of the pixel region, the 
opening ratio decreases, resulting in a decrease in 
10 transmittance in a device, which is not preferable. A 
liquid crystal cell was produced in the same way as in 
Example 1, except for providing the projections 69. 

As a result of the observation of the cell, a 
15 central axis was formed at a position of each projec- 
tion 69, and thus, a liquid crystal display device in 
which central axes were formed at central portions in 
almost all the pixel regions was obtained. When the 
liquid crystal display device was observed in various 
20 viewing angle directions, a display without roughness was 
obtained. 

Examples 3 and 4 and Comparative Examples 2 and 3 

Liquid crystal display devices in Examples 3 and 
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4 and Comparative Examples 2 and 3 were produced in the 
same way as in Example 1, except that a cell gap (thick- 
ness of a liquid crystal layer) was adjusted as shown in 
Table 1. The adding amount of a chiral agent (S-811: 
produced by Merck & Co,, Inc.) in the liquid crystal 
material used in each liquid crystal display device was 
adjusted in such a manner that the twist angle peculiar 
to the liquid crystal material became 90°. 



Table 1 





Example 


Comparative 
Example 




1 


3 


4 


2 


3 


Cell gap d (pm) 


5 


4.4 


5.6 


3.1 


6.5 


d-An (nm) at V max 


400 


352 


448 


248 


520 


Transmittance ( % ) 
at V * 

" max 


70 


58 


73 


39 


72 ** 



* Relative value with a transmittance in parallel 



Nicols being 100% 
Measured at a maximum transmittance 
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When an increasing voltage was applied to the 
liquid crystal cell in Comparative Example 3 with a 
retardation of 520 nm until a maximum transmittance was 
obtained, a transmittance decreased, and a contrast 
5 inversion phenomenon (i.e., a phenomenon occurring when 

the voltage exceeds V max in Figure 6) was observed in a 
gray-scale display. In the liquid crystal display device 
in Comparative Example 2 with a retardation of less than 
300 nm, a transmittance was low. It is understood from 
10 the experimental results shown in Table 1 that the 

product d-An (retardation) of An (birefringence at the 
maximum driving voltage) of a liquid crystal material and 
an average thickness d of a liquid crystal layer is 
preferably in the range of about 300 to about 500 nm. 

15 

Examples 5 and 6 and Comparative Examples 4 and 5 

Liquid crystal display devices having different 
twist angles as shown in Table 2 (Examples 5 and 6 and 
Comparative Examples 4 and 5) were produced by adjusting 
20 the adding amount of a chiral agent (S-811: produced by 

Merck & Co., Inc. ) in the liquid crystal material used in 
the liquid crystal display device in Example 1. The 
electro-optic characteristics of the liquid crystal 
display devices were measured under the application of a 
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voltage at which the transmittance of each device became 
maximum. 



Table 2 

5 





Example 


Comparative 
Example 




15 6 


4 5 


Twist angle ( ° ) 


90 50 110 


30 120 


Transmittance ( % ) 
at V max * 


70 41 50 ** 


35 35 ** 



Relative value with a transmittance in parallel 
Nicols being 100% 

A contrast inversion phenomenon occurs when a 
voltage exceeding a value at which a transmittance 



15 becomes maximum is applied 



It is understood from the results shown in Table 
2 that the twist angle under the application of the 
maximum driving voltage is preferably in the range of 45° 
20 to 110° . 
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Example 7 

A phase difference plate (retardation: 150 nm 
ascribable to n x = n y , n x - n 2 ) having a "Frisbee-type" 
refractive oval body was placed on one side of the liquid 
5 crystal display device in Example 1. Figure 16 shows the 

results obtained by measuring the viewing angle charac- 
teristics of the liquid crystal display device. It is 
understood from Figure 16 that the viewing angle of the 

f "•- 

;:J liquid crystal display device in Example 7 was wider than 

f\ \ 

10 that of the liquid crystal display device in Example 1 

u f (see Figure 14) . 

Example 8 

: y In the present example, a method for stabilizing 

! :ss5 ' 15 axis-symmetrical alignment of liquid crystal molecules by 

curing a photocurable resin mixed in a liquid crystal 
material (i.e., by forming an axis-symmetrical alignment 
fixing layer) will be described. 

20 Figure 17 shows a schematic partial cross-sec- 

tional view of a liquid crystal display device in Example 
8. A liquid crystal display device 200 includes a liquid 
crystal layer 80 containing an n-type liquid crystal 
material (liquid crystal molecules) 92 having a negative 
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dielectric anisotropy Ae between a pair of substrates 82 
and 84. Homeotropic alignment layers 88a and 88b are 
provided on the surfaces of the substrates 82 and 84 on 
the liquid crystal layer 80 side. Convex portions 86 are 
5 provided on the surface of at least one of the sub- 
strates 82 and 84 on the liquid crystal layer 80 side. 
The liquid crystal layer 80 has two different thicknesses 
because of the convex portions 86. Consequently, as 
O described above, liquid crystal regions exhibiting axis- 

FU 10 symmetrical alignment are defined by the convex por- 

W tions 86 under the application of a voltage. In Fig- 

ure 17, electrodes formed on the substrates 82 and 84 for 
P applying a voltage to the liquid crystal layer 80 are 

HJ omitted. The liquid crystal display device 200 is 

t ; 
?=* 

p 15 different from the liquid crystal display device 100 in 

Example 1 in that axis-symmetrical alignment fixing 
layers 90a and 90b are formed on the homeotropic align- 
ment layers 88a and 88b. The axis-symmetrical alignment 
fixing layers 90a and 90b allow the liquid crystal 
20 molecules in the pixel regions to keep axis-symmetrical 
alignment even when no voltage is being applied. There- 
fore, even when a voltage of less than 1/2 is applied 
(or a voltage is not applied) for driving the liquid 
crystal display device 200, the electro-optic character- 
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istics as shown in Figure 2 can be obtained with good 
reproducibility. The axis-symmetrical alignment fixing 
layers 90a and 90b keeping axis-symmetrical alignment 
(pretilt) of the liquid crystal molecules are formed by 
curing a curable resin mixed in a liquid crystal material 
under the application of a voltage of 1/2 or more to 

the liquid crystal layer. 

Hereinafter, referring to Figure 18, a method for 
producing the liquid crystal display device 200 will be 
described in detail. Convex portions 66 with a height of 
about 2.5 pm were formed with a photoresist (OMR83; pro- 
duced by Tokyo Ohka-sha) on regions other than pixel 
regions of a substrate 62 having transparent elec- 
trodes 63 made of 1T0 (thickness: about 100 nm) on its 
surface. Then, spacers 65 with a height of about 5 pm 
were formed on the convex portions 66 with photosensitive 
polyimide. The size of a region (i.e., a pixel region) 
defined by the convex portions 66 was prescribed to be 
100 pm x 100 pm. Polyimide (JALS-204; produced by Japan 
Synthetic Rubber Co., Ltd.) was spin-coated onto the 
resultant substrate to form a homeotropic alignment 
layer 68. Furthermore, a homeotropic alignment layer 
(not shown) was also formed with the same material on 




- 90 

transparent electrodes of 
substrates were attached 
liquid crystal cell. 
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the other substrate. These 
to each other to complete a 



In the present example, a mixture containing an 
n-type liquid crystal material (Ae = -4.0; An = 0.08; a 
chiral angle = 90° in a cell gap of 5 vim), about 0.3 wt% 
of a compound A ( photocurable resin) represented by the 
following Formula I, and about 0.1 wt% of a polymeriza- 
tion initiator ( Irgacure 651) was injected into the cell. 
Thereafter, a voltage of 5 volts was applied to the cell 
to form axis-symmetrical alignment. An axis-symmetrical 
alignment region was formed in each pixel region defined 
by the convex portions 66, and a central axis was formed 
at a central portion of each pixel region. Then, the 
cell was irradiated with UV-rays (intensity at 365 nm: 
about 6 mW/cm 2 ) for 10 minutes at room temperature (25°C) 
under the application of a voltage about 0.5 volts higher 
than a threshold voltage of about 2.0 volts, whereby the 
photocurable resin in the mixture was cured. As a 
result, the axis-symmetrical alignment fixing layer 90a 
was formed so as to cover the homeotropic alignment 
layer 68. The axis-symmetrical alignment layer 90b (see 
Figure 17) was also formed on the counter substrate. 
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F FF F 

CH 2 = CH COO (CH 2 )8 0 -^>^>-0(CH2)8 OOCCH = CH 2 CI) 



The axis-symmetrical alignment of the cell in 
Example 8 did not return to a homeotropic alignment state 
of the liquid crystal molecules even when a voltage 
applied to the liquid crystal layer became less than 1/2 
V^. It is considered that the pretilt state in axis- 
symmetrical alignment was kept by the axis-symmetrical 
alignment fixing layers 90a and 90b. Thus, after the 
formation of the axis-symmetrical alignment fixing 
layers 90a and 90b, a phenomenon that a plurality of 
central axes are present in each pixel region did not 
occur even when a voltage of 1/2 or more was applied 
after removal of the voltage applied to the liquid 
crystal layer, and the homeotropic alignment state (black 
state) and the axis-symmetrical alignment state (white 
state) was able to be electrically controlled in a 
reversible manner. The liquid crystal molecules con- 
tained in the liquid crystal layer of the liquid crystal 
display device in Example 8 were provided with a pretilt 
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angle by the axis-symmetrical alignment fixing layer 90a 
when no voltage is being applied. However, the shift 
from the homeotropic alignment was small, so that a black 
level when no voltage is being applied was substantially 
equal to that of the liquid crystal display device in 
Example 1 . The electro-optic characteristics and viewing 
angle characteristics were the same as shown in Fig- 
ures 13 and 14. Although a photocurable resin was used 
in the present example, a thermosetting resin can also be 
used. 

By providing a phase difference plate having a 
"Frisbee-type" refractive oval body in the same way as in 
Example 7, wide viewing angle characteristics can be 
obtained as shown in Figure 16. The phase difference 
plate particularly improves the viewing angle character- 
istics in a direction at an angle of 45° from polariza- 
tion axes of polarizing plates. 

Examples 9 and 10 and Comparative Examples 6 and 7 

Liquid crystal display devices in Examples 9 and 
10 and Comparative Examples 6 and 7 were produced in the 
same way as in Example 8, by injecting the mixtures with 
varying content of the above-mentioned compound A. As is 
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apparent from the results of Comparative Example 6, when 
the content of the photocurable resin was less than about 
0.1 wt%, the axis-symmetrical alignment was not be able 
to be fixed effectively. When the content was more than 
about 6 wt%, the homeotropic alignment of the liquid 
crystal molecules was disturbed, and light leakage became 
large when no voltage is being applied. Thus, it is 
understood that the content of the photocurable resin is 
preferably in the range of about 0.1 wt% to about 6 wt%. 
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Table 3 





Example 


Comparative 
Example 




8 9 10 


6 7 


Content of 
Compound A (wt%) 


0.3 0.1 2 


0.05 6 


Transmit tance 
when no voltage 
is 

being 

applied (%) 


0.06 0.04 0.1 


0.03 3.2 


Fixing of axis- 
symmetrical 
alignment 


Good Good Good 


Poor Good 



Example 11 

Figure 7 is a cross-sectional view of a PALC 400 
in the present example. The PALC 400 includes a counter 
substrate 120, a plasma substrate 110, and a liquid 
crystal layer 102 disposed therebetween. The liquid 
crystal layer 102 is sealed with a sealant 106. The 



10 



20 
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plasma substrate 110 includes a substrate 111, a dielec- 
tric sheet 116 opposing the substrate 111, and a plurali- 
ty of plasma chambers 113 defined by partition walls 112 
provided between the substrate 111 and the dielectric 
sheet 116. The plasma chambers 113 oppose the liquid 
crystal layer 102 with the dielectric layer 116 disposed 
therebetween. Gas sealed in each plasma chamber 113 is 
ionized by applying a voltage across an anode 114 and a 
cathode 115 formed on the surface of the substrate 111 on 
the plasma chamber 113 side, whereby plasma discharge 
occurs. A plurality of chambers 113 extend in the shape 
of stripes in a direction vertical to the drawing surface 
of Figure 7 in such a manner as to be orthogonal to 
transparent electrodes 105 formed on the surface of the 
15 counter substrate 120 on the liquid crystal layer 102 
side. Intersections of the plasma chambers 113 and the 
transparent electrodes 105 define pixel regions. 



Convex portions 132 in the shape of a lattice 
are formed on the counter substrate 120 on the liquid 
crystal layer 102 side so as to correspond to the non- 
pixel regions. The convex portions 132 allow axis- 
symmetrically aligned regions to be formed so as to 
correspond to the pixel regions. Furthermore, 
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homeotropic alignment layers 134a and 134b are provided 
on the surfaces of the plasma substrate 110 and the 
counter substrate 120 on the liquid crystal layer 102 
side. 

The PALC 400 was produced as follows. 

A plurality of electrodes each including a pair 
of anode 114 and cathode 115 , and the partition walls 112 
with a height of about 200 pm were formed with glass 
paste so as to make a partition between the adjacent 
electrodes. Next, a thin film glass substrate 116 with 
a thickness of about 50 pm was attached to the partition 
walls 112 with a photocurable sealant. Thereafter, argon 
gas was sealed into the plasma chambers 113. The entire 
surface of the thin film glass substrate 116 was spin- 
coated with JALS-204 (produced by Japan Synthetic Rubber 
Co., Ltd.) to form the homeotropic alignment layer 134a, 
whereby the plasma substrate 110 was obtained. 

Referring to Figures 19A and 19B, a method for 
producing the counter substrate 120 will be described. 
The convex portions 132 with a height of about 2.7 pm 
were formed with OMR83 (produced by Tokyo Ohka-sha) on 
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regions other than the pixel regions on a glass sub- 
strate 101 having transparent electrodes 105 made of 1T0 
(thickness: about 150 nm) in the shape of stripes. The 
size of each pixel region was prescribed to be 100 pm x 
5 100 pm. Furthermore, spacers 135 with a height of about 
6 pm were formed with photosensitive polyimide. The 
resultant substrate was spin-coated with JALS-204 (pro- 
duced by Japan Synthetic Rubber Co., Ltd.) to form the 
homeotropic alignment layer 134b, whereby the counter 
10 substrate 120 was obtained. The plasma substrate 110 was 
attached to the counter substrate 120 to produce a liquid 
crystal cell. 

An n-type liquid crystal material (Ae = -4.0, An 
15 = 0.077; a twist angle peculiar to the liquid crystal 

material = 90° in a cell gap of 6 pm) was injected into 
the cell. A voltage of about 7 volts was applied to the 
cell. After application of the voltage, a plurality of 
central axes were present in an initial state. When the 
20 voltage was further continued to be applied, one axis- 
symmetrically aligned region (monodomain) was formed in 
each pixel region. 



Polarizing plated wei ^disposed in crossed-Nicols 
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on 



both sides of the call, whereby a liquid crystal 
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15 



display device was producep. The cross-sectional struc- 
ture of the liquid crystal layer in the liquid crystal 
display device thus obtained was substantially the same 
as that of the liquid cryital display device shown in 
0 Figures 4A and 4B, except that the cross-section of the 
homeotropic alignment layeJ^fc34b had the shape of a 
mortar as shown in Figure 19A (polarizing plates are not 
shown). Since the homeotropic alignment layer 134b has 
a cross-section in the shaps of a mortar, a differential 
coefficient of a curve showing changes in thickness with 
respect to the position ( J:rom a central portion of a 
pixel to a peripheral portion thereof) is positive, and 
a differential coefficient of a curve showing changes in 
thickness of the liquid crysjtal layer in the pixel region 



is negative. 



The axis-symmetrical alignment of the cell in 
Example 11 was stable under the application of a voltage 
20 of 1/2 or more, and was disturbed when the voltage was 
decreased to less than 1/2 to return to an initial 

state. When a voltage was applied to the cell again, an 
initial axis-symmetrical alignment with a plurality of 
central axes was obtained. Thereafter, an axis-symmetri- 
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cal alignment state in which one central axis was formed 
in each pixel region was obtained. This phenomenon was 
obtained even when the same experiment was conducted 20 
times. After forming the axis-symmetrical alignment 
state by the application of a voltage of 1/2 v tt or more, 
the cell in Example 11 was measured for electro-optic 
characteristics in a voltage range (1/2 v tt or more) in 
which the axis- symmetrical alignment was stable. 

Figure 13 shows the electro-optic characteristics 
thus obtained. As is apparent from Figure 13, the liquid 
crystal display device of the present invention had a 
satisfactory contrast ratio (CR = 300:1, 5 volts) with a 
low transmittance when no voltage is being applied. The 
threshold voltage was about 2 volts. A high contrast 
ratio was obtained in a wide viewing angle range as shown 
in Figure 9. m Figure 9, * represents an azimuth angle 
(i.e., intra-display surface angle), e represents a 
viewing angle (i.e., a tilt angle from a normal to the 
display surface), and the hatched portion presents a 
region with a contrast of 10:1 or more. 



Comparative Example 8 

In Comparative Example 8, the homeotropic 
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alignment layer 134b was directly formed on the transpar- 
ent electrode 105 formed on the surface of the sub- 
strate 101 shown in Figure 19A. Thereafter, the spac- 
ers 135 were formed using photosensitive polyimide in the 
same way as in Example 11. m Comparative Example 11, 
the convex portions 132 as shown in Figure 19A were not 
formed. The resultant counter substrate 120 was attached 
to the plasma substrate 110 formed in the same way as in 
Example 11 to produce a liquid crystal cell. The thick- 
ness of the liquid crystal layer in the pixel regions in 
the cell was constant. 

When the same material as that in Example 11 was 
injected into the cell, the liquid crystal molecules were 
randomly aligned, and disclination lines were formed in 
a random manner. The cell was observed under the appli- 
cation of a voltage, showing that a display was rough in 
gray scales. 



20 Example 12 

In the present example, a method for stabilizing 
axis-symmetrical alignment of liquid crystal molecules by 
curing a photocurable resin mixed in a liquid crystal 
material will be described. Figure 20 is a schematic 
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partial cross-sectional view of a liquid crystal display 
device in Example 12. 

The liquid crystal display device 500 includes a 
liquid crystal layer 80 containing an n-type liquid 
crystal material (liquid crystal molecules) 92 having a 
negative dielectric anisotropy Ae between a pair of 
substrates 82 and 84. A plasma substrate is used as 
either the substrate 82 or 84. Homeotropic alignment 
layers 88a and 88b are provided on the surfaces of the 
substrates 82 and 84 on the liquid crystal layer 80 side. 
Convex portions 86 are formed on the surface of at least 
one of the substrates 82 and 84 on the liquid crystal 
layer 80 side. Since a dielectric sheet provided on the 
plasma substrate on the liquid crystal layer 80 side is 
thin, the convex portions are preferably formed on the 
counter substrate (color filter substrate) in view of the 
lack of strength of the dielectric sheet. 

The liquid crystal layer 80 has two different 
thicknesses because of the convex portions 86. Conse- 
quently, as described above, liquid crystal regions 
exhibiting axis-symmetrical alignment under the applica- 
tion of a voltage are defined by the convex portions 86. 
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In Figure 20, electrodes provided on the substrates 82 
and 84 for applying a voltage to the liquid crystal 
layer 80 and plasma chambers are omitted. The liquid 
crystal display device 500 has the same structure as that 
of the liquid crystal display device 400 in Example 11, 
except that the axis-symmetrical alignment fixing lay- 
ers 90a and 90b are provided on the homeotropic alignment 
layers 88a and 88b. The axis-symmetrical alignment 
fixing layers 90a and 90b allow the liquid crystal 
molecules in the pixel regions to keep axis -symmetrical 
alignment even when no voltage is being applied. There- 
fore, even when a voltage of less than 1/2 is applied 
(or a voltage is not applied) for driving the liquid 
crystal display device 500, the electro-optic character- 
istics as shown in Figure 2 can be obtained with good 
reproducibility. The axis-symmetrical alignment fixing 
layers 90a and 90b keeping axis-symmetrical alignment 
(pretilt) of the liquid crystal molecules are formed by 
curing a curable resin mixed in a liquid crystal material 
under the application of a voltage of 1/2 or more to 
the liquid crystal layer. 



Hereinafter, a method for producing the liquid 
crystal display device 500 will be described in detail. 
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Referring to Figure 21, convex portions 132 with a height 
of about 2.7 um were formed with a photoresist (OMR83; 
produced by Tokyo Ohka-sha) on regions other than pixel 
regions of a substrate 101 having transparent elec- 
trodes 105 made of ITO (thickness: 150 nm ) on its sur- 
face. Then, spacers 135 with a height of about 6 um were 
formed on the convex portions 132 with photosensitive 
polyimide. The size of a region (i.e., a pixel region) 
defined by the convex portions 132 was prescribed to be 
100 um x 100 um. Polyimide (JALS-204; produced by Japan 
Synthetic Rubber Co., Ltd.) was spin-coated onto the 
resultant substrate to form a homeotropic alignment 
layer 134b to obtain a counter substrate. Furthermore, 
a homeotropic alignment layer (not shown) was also formed 
with the same material on transparent electrodes of the 
other substrate ( plasma substrate). These substrates 
were attached to each other to complete a liquid crystal 
cell. This cell was substantially the same as that in 
Example 11. 

In the present example, a mixture containing an 
n-type liquid crystal material (Ae = -4.0; An = 0.077; a 
chiral angle = 90' in a cell gap of 6 um) and 0.4 wt% of 
a compound A (light curable resin) represented by the 
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following Formula I, and 0.1 wt% of Irgacure 651 was 
injected into the cell. Thereafter, a voltage of about 
5 volts was applied to the cell to form axis-symmetrical 
alignment. An axis-symmetrical alignment region was 
formed in each pixel region defined by the convex por- 
tions 132, and a central axis was formed at a central 
portion of each pixel region. Then, the cell was irradi- 
ated with UV-rays (intensity at 365 nm: 6 mW/cm 2 ) for 10 
minutes at room temperature (25°C) under the application 
of a voltage about 0.5 volts higher than a threshold 
voltage of about 2.0 volts, whereby the photocurable 
resin in the mixture was cured. As a result, an axis- 
symmetrical alignment fixing layer 142a was formed so as 
to cover the homeotropic alignment layer 134b. The axis- 
symmetrical alignment layer corresponding to the axis- 
symmetrical alignment layer 90b (not shown in Figure 21) 
was also formed on the plasma substrate. In the present 
example, although a photocurable resin was used, a 
thermosetting resin can also be used. 



20 
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The axis-symmetrical alignment of the cell in 
Example 12 did not return to a homeotropic alignment 
state of the liquid crystal molecules even when a voltage 
applied to the liquid crystal layer became less than 1/2 
V^. It is considered that the pretilt state in axis- 
symmetrical alignment was kept by the axis-symmetrical 
alignment fixing layer 142a. Thus, after the formation 
of the axis-symmetrical alignment fixing layer 142a, a 
phenomenon that a plurality of central axes are present 
in the pixel regions did not occur even when a voltage of 
1/2 or more was applied after the applied voltage was 
removed from the liquid crystal layer, and the 
homeotropic alignment state (black state) and the axis- 
symmetrical alignment state (white state) were able to be 
electrically controlled in a reversible manner. The 
liquid crystal molecules contained in the liquid crystal 
layer of the liquid crystal display device in Example 12 
were provided with a pretilt angle by the axis-symmetri- 
cal alignment fixing layer 142a when no voltage is being 
applied. However, the shift from the homeotropic align- 
ment was small, so that a black level when no voltage is 
being applied was substantially equal to that of the 
liquid crystal display device in Example 11. The 
electro-optic characteristics and viewing angle charac- 
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teristics were the same as shown in Figures 13 and 9* 
Although a photocurable resin was used in the present 
example, a thermosetting resin can also be used. 

In the liquid crystal display device of the 
present invention, two polarizing plates were attached in 
such a manner that polarization axes were placed in a 
crosswise direction on the display surface. As shown in 
Figure 9, axis-symmetrical wide viewing angle character- 
istics were obtained. Since the direction of the plasma 
chambers is identical with that of the polarization axes 
of the polarizing plates, less light leaked. 

By providing a phase difference plate (An-d = 300 
nm) having a negative "Frisbee-type" refractive oval body 
between the cell and the polarizing plate, the viewing 
angle characteristics in a direction at an angle of 45° 
from the polarization axes of the polarizing plates can 
be further improved. Table 4 shows the results. 
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Table 4 





Phase difference 
plate is provided 


Phase difference 
plate is not 
provided 


Transmittance at 






a viewing angle 






of 60° in a 


7% 


55% 


direction at an 






angle of 45° from 






a polarization 






axis 







Comparative Example 9 

A liquid crystal cell was produced in the same 
way as in Example 11, except that the convex portions in 
the shape of a lattice were not formed on the counter 
substrate. Horizontal alignment films were formed on the 
surfaces of the substrates on the liquid crystal layer 
side, and the horizontal alignment films were subjected 
to a rubbing treatment, whereby a liquid crystal cell in 
a TN mode was produced. A liquid crystal material was 
injected into the cell, and the cell was heated and 
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gradually cooled to produce TN-PALC . Polarizing plates 
were attached to the cell in such a manner that polariza- 
tion axes were shifted by 45° from a crosswise direction 
on the display surface. The viewing angle characteris- 
tics of the liquid crystal display device thus obtained 
were as shown in Figure 8A. As is understood from this 
figure, the viewing angle was much narrower, compared 
with those in Examples 11 and 12. Furthermore, light 
leakage from the attachment surface was observed in the 
shape of lines. Thus, a contrast was decreased. 

Example 13 

Figure 22A is a schematic cross-sectional view of 
one pixel of a liquid crystal display device in Example 
13. Figure 22B is a plan view thereof. Figure 22A is a 
cross-sectional view taken along the A-A line in Fig- 
ure 22B. The structure of the liquid crystal display 
device will be described together with the production 
process . 

Transparent electrodes 61 (thickness: about 100 
nm) made of ITO were formed on a glass substrate 60, and 
JALS-204 (produced by Japan Synthetic Rubber Co., Ltd.) 
was spin-coated onto the transparent electrodes 61, 
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whereby a homeotropic alignment layer 67 was formed. 



Transparent electrodes 63 (thickness: about 100 
nm) made of ITO were formed on a glass substrate 62. The 
central portion of each pixel region in the transparent 
electrodes 63 was removed by photolithography and etching 
to form an axis-symmetrical alignment central axis 
forming portion 64. Furthermore, convex portions 66 with 
a height of about 3 pm were formed with an acrylic 
negative resist on regions other than the pixel regions 
on the transparent electrode 63. Thereafter, spacers 65 
with a height of about 2 pm were formed using photosensi- 
tive polyimide. The size of each pixel region defined by 
the spacers 65 and the convex portions 66 was prescribed 
to be 190 pm x 325 pm. JAS-204 (produced by Japan 
Synthetic Rubber Co., Ltd.) was spin-coated onto the 
resultant substrate to form a homeotropic alignment 
layer 68. 



Both the substrates 60 and 62 were attached to 
each other, and an n-type liquid crystal material (Ac = - 
4.0, An = 0.08, a twist angle peculiar to the liquid 
crystal material = 90° in a cell gap of 5 pm) to form a 
liquid crystal layer 70, whereby a liquid crystal cell 
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was completed . 

As the convex portions 66 and the spacers 65, 
photosensitive acrylate type, methacrylate type, 
polyimide type, and rubber type materials may be used. 
As long as the convex portions 66 and the spacers 65 are 
provided with strength against the pressure of about 400 
g/4>, any photosensitive material may be used. 

In order to perform an axis-symmetrical alignment 
central axis forming process, the cell thus produced was 
supplied with an axis-symmetrical alignment central axis 
forming voltage of about 7 volts. After the application 
of a voltage, a plurality of central axes were formed in 
an initial state. When an axis-symmetrical alignment 
central axis forming voltage was continued to be applied, 
one central axis was formed in each pixel region, whereby 
one axis-symmetrical region (monodomain) was formed. 

Each pixel was observed in a transmission mode 
using a polarizing microscope in crossed Nicols under the 
application of a driving voltage to the cell. Some time 
after the commencement of application of the voltage, it 
was observed that a plurality of central axes formed in 
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an initial state immediately after the application of a 
voltage became one. At this time, in about 10% of the 
pixel regions of the liquid crystal cell, the central 
axes were formed shifted from the central portions of the 
pixel regions- By continuing to apply an axis-symmetri- 
cal alignment central axis forming voltage, the liquid 
crystal molecules were axis-symmetrically aligned around 
the central axis in each pixel region during a white 
display as shown in Figure 23, and the central axes were 
observed to be formed at positions corresponding to the 
axis-symmetrical alignment central axis forming por- 
tions 64 in substantially central portions of the pixel 
regions . 

Polarizing plates wfere disposed in crossed Nicols 
on both sides of the celU^ whereby a liquid crystal 
display device was produced! 

Figure 13 shows electro-optic characteristics of 
the liquid crystal display device in Example 13. Fig- 
ure 24 shows viewing angle characteristics of a contrast. 
Figure 13 corresponds to Figure 2. In Figure 24, i|r 
represents an azimuth angle (i.e., intra-display surface 
angle), 0 represents a viewing angle (i.e., a tilt angle 
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from a normal to the display surface), and the hatched 
portion represents a region with a contrast of 10:1 or 
more . 

Example 14 

Figure 25A is a schematic cross-sectional view of 
a liquid crystal display device in Example 14. Fig- 
ure 25B is a plan view thereof. Figure 25A is a cross- 
sectional view taken along the A-A line in Figure 25B. 

In Example 14, a homeotropic alignment layer 68 
provided above a substrate 62 was formed so as to have a 
cross-section in a pixel region satisfying the relation- 
ship as shown in Figures 4A and 4B. That is, the 
homeotropic alignment layer 68 was formed in such a 
manner that a differential coefficient of a curve repre- 
senting the changes in thickness of the homeotropic 
alignment layer 68 with respect to the position ( from a 
central portion of a pixel to a peripheral portion 
thereof) became positive, and a differential coefficient 
of a curve representing the changes in thickness of a 
liquid crystal layer in the pixel region became negative. 
More specifically, the cross -section of the homeotropic 
alignment layer 68 in the pixel region had the shape of 
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a mortar, and an axis-symmetrical alignment central axis 
forming portion 64 was provided in a pixel electrode 63 
at the deepest position of the cross-section of the 
homeotropic alignment layer 68. A liquid crystal cell 
was produced in the same way as in Example 13. 

In order to perform an axis-symmetrical alignment 
central axis forming process, the cell thus produced was 
supplied with an axis-symmetrical alignment central axis 
forming voltage of about 7 volts. After the application 
of a voltage, a plurality of central axes were formed in 
an initial state. When an axis-symmetrical alignment 
central axis forming voltage was continued to be applied, 
one central axis was formed in each pixel region, whereby 
one axis-symmetrical region (monodomain) was formed. 

Each pixel was observed in a transmission mode 
using a polarizing microscope in crossed Nicols under the 
application of a driving voltage to the cell. Some time 
after the commencement of application of the voltage, it 
was observed that a plurality of central axes formed in 
an initial state immediately after the application of a 
voltage became one. Each central axis thus formed was 
provided in a substantially central portion of the pixel 
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region corresponding to the deepest portion of the 
mortar-shaped cross-section. By continuing to apply an 
axis-symmetrical alignment central axis forming voltage, 
the liquid crystal molecules were axis-symmetrically 
aligned around the central axis in each pixel region 
during a white display as shown in Figure 23, and the 
central axes were observed to be formed at positions 
corresponding to the axis-symmetrical alignment central 
axis forming portions 64 in substantially central por- 
tions of the pixel regions. 

Polarizing plates were disposed in crossed Nicols 
on both sides of the cell, whereby a liquid crystal 
display device was produced. 

The liquid crystal display device in Example 14 
had almost the same electro-optic characteristics and 
viewing angle characteristics of a contrast as those in 
Example 13. 

Example 15 

Liquid crystal cells were produced in the same 
way as in Example 13, except that the size of each pixel 
was prescribed to be 100 pm x 100 \im, and the area of the 
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axis-symmetrical alignment central axis forming por- 
tion 64 at a central portion of the pixel region was 
prescribed to be 0 pm 2 , 25 \im 2 , 100 pm 2 , 400 \im 2 , and 900 
\im 2 . Polarizing plates were placed in crossed-Nicols on 
both sides of each cell, whereby liquid crystal display 
devices were completed . 



In the present example, each pixel was observed 
in a transmission mode with a polarizing microscope in 
crossed-Nicols under the application of a driving voltage 
to the cells. The following Table 5 shows the results 
obtained by evaluating roughness of a display with each 
cell tilted under the application of a voltage which 
provides gray scales. In Table 5, O represents a display 
of good quality having almost no roughness; A represents 
a display with negligible roughness; X represents a 
display with roughness; Sb represents an area of an axis- 
symmetrical alignment central axis forming portion; and 
A represents an area of a pixel region. 
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Table 5 





Sb (um 2 ) 


A (um 2 ) 


Sb/A (%) 


Evaluation 




0 


10000 


0 


X 


5 


25 


10000 


0.25 


O 




100 


10000 


1.0 


O 




400 


10000 


4.0 


A 




900 


10000 


9.0 


X 



1+ 10 As is understood from Table 5, it is preferable 

'HI that the axis-symmetrical alignment central axis forming 

H; portion is provided so that Sb satisfies 0 < Sb/A < 4%. 

heat 

Example 16 

15 A method for stabilizing the axis-symmetrical 

alignment state of liquid crystal molecules by forming an 
axis-symmetrical alignment fixing layer on a surface of 
either one of substrates on a liquid crystal layer side 
will be described, the method including an axis- 

20 symmetrical alignment central axis forming process in the 
course of the production of a liquid crystal display 
device. 
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Figure 26 is a schematic cross-sectional view of 
a liquid crystal display device in Example 16. The 
liquid crystal display device in Example 16 has the same 
structure as that in Example 13, except that axis-symmet- 
5 rical alignment fixing layers 90a and 90b are provided on 

homeotropic alignment layers 68 and 67, respectively. 

y* Substrates having cross-sectional structures 

□ shown in Figure 26 were produced in the same way as in 

B £ 10 Example 13. Transparent electrodes 61 (thickness: about 

jU= 100 nm) made of ITO were formed on a glass substrate 60. 

e JALS-204 (produced by Japan Synthetic Rubber Co., Ltd.) 

fy was spin-coated to form a homeotropic alignment layer 67. 

j: 

M ; 15 Transparent electrodes 63 (thickness: about 100 

nm) made of ITO were formed on a glass substrate 62, and 
a central portion of a pixel region was removed by 
photolithography and etching, whereby an axis-symmetrical 
alignment central axis forming portion 64 was formed. 
20 Furthermore, convex portions 66 with a height of about 3 

jam were formed with an acrylic negative resist outside of 
the pixel region on the transparent electrode 63. 
Thereafter, spacers 65 with a height of about 2 pm were 
formed with photosensitive polyimide. The size of the 
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pixel region defined by the spacers 65 and the convex 
portions 66 was prescribed to be 100 \im x 100 pm. JALS- 
204 (produced by Japan Synthetic Rubber Co., Ltd.) was 
spin-coated onto the resultant substrate, whereby a 
5 homeotropic alignment layer 68 was formed. 



The two substrates were attached to each other to 
complete a liquid crystal cell. The structure of the 
cell thus obtained was the same as that of the liquid 
10 crystal display device in Example 13. 

In the present example, the following precursor 
mixture was injected into the cell thus produced. The 
precursor mixture contains an n-type liquid crystal 

15 material (Ac = -4.0; An = 0.08; a chiral angle = 90° in 

a cell gap of 5 pm), and 0.3 wt% of compound A 
( photocurable resin) represented by the following Formula 
I, and 0.1 wt% of Irgacure 651. After the injection, an 
axis-symmetrical alignment central axis forming process 

20 was performed by applying an axis-symmetrical alignment 
central axis forming voltage of about 5 volts to the 
cell. Furthermore, the cell was irradiated with UV-rays 
(intensity at 365 nm: 6 mW/cm 2 ) at room temperature (25°C) 
for 10 minutes under the application of the axis-symmet- 
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10 



15 



rical alignment central axis forming voltage, whereby the 
photocurable material in the precursor mixture was cured. 
As a result, the axis-symmetrical alignment fixing 
layers 90a and 90b were formed so as to cover the 
homeotropic alignment layers 68 and 67 on the substrates 
in the course of the axis-symmetrical alignment central 
axis forming process. The axis-symmetrical alignment 
fixing layers 90a and 90b contain a polymer of a cured 
photocurable or thermosetting material, such as an 
acrylate type material, a methacrylate type material, a 
styrene type material, and derivatives thereof, contained 
in the precursor mixture. 



F FF F 

CH 2 = CHC00(CH 2 )80 -^^-0(CH2)8 OOCCH = CH 2 CD 



Polarizing plates were attached to both sides of 
the cell to complete a liquid crystal display device. 

20 

Each pixel was observed in a transmission mode 
with a polarizing microscope in crossed-Nicols under the 
application of a voltage to the cell in Example 16. Even 
immediately after the application of a voltage, a single 
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central axis was formed in each pixel region without a 
plurality of central axes being formed. Thereafter, the 
voltage applied to the cell was once removed, and a 
voltage of 1/2 or more was applied to the cell again. 
However, a phenomenon that a plurality of central axes 
are present in each pixel region did not occur, and a 
single central axis was formed. The reason for this is 
considered to be as follows: even when a voltage applied 
to the liquid crystal layer decreased to less than 1/2 
V^, the liquid crystal molecules did not return to a 
homeotropic alignment state; a pretilt state in axis- 
symmetrical alignment was kept by the axis-symmetrical 
alignment fixing layer 90a. Thus, in the present exam- 
ple, a black display is able to be performed when no 
15 voltage is being applied. Furthermore, it is not re- 

quired to perform an axis-symmetrical alignment central 
axis forming process before a display operation. Al- 
though the liquid crystal molecules were provided with a 
pretilt angle by the axis-symmetrical alignment fixing 
layer 90a, the shift from homeotropic alignment was 
small. a black level when no voltage is being applied 
was substantially the same as that of the liquid crystal 
display device in Example 13. The electro-optic charac- 
teristics and viewing angle characteristics were the same 
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as those shown in Figures 13 and 24. In the present 
example, although a photocurable resin was used, a 
thermosetting resin may be used. 

Example 17 

Liquid crystal display devices were produced in 
the same way as in Example 15 by injecting the precursor 
mixture with the varying content of the compound A into 
the cell in Example 16. 

The content of the compound A was varied from 
0.05 wt% to 6 wt%. The light transmittance of the liquid 
crystal display devices when no voltage is being applied 
were measured, and the devices were observed to see if a 
stable axis-symmetrical alignment state was formed. 

As a result, when the content of the photocurable 
material was less than about 0.1 wt%, the axis-symmetri- 
cal alignment fixing process was not able to be performed 
effectively. When the content of the photocurable 
material was more than about 6 wt%, the homeotropic 
alignment of the liquid crystal molecules was disturbed 
to increase light leakage when no voltage is being 
applied. Thus, the content of the photocurable material 
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is preferably in the range of about 0.1 wt% to 6 wt%. 
Example 18 

In the present example, the following phase 
difference plates were placed between a pair of polariz- 
ing plates and a liquid crystal cell of the liquid 
crystal display device in Example 13 in such a manner 
that a delay axis of each phase difference plate was 
orthogonal to an absorption axis of each polarizing 
plate. 

The phase difference plate has optically negative 
birefringence, and satisfies n x = n, n > n , n > n , 
where n x , n y are primary refractive indexes in an in-plane 
direction of a refractive oval body, and n 2 is a primary 
refractive index in a thickness direction thereof. 

Supposing that the thickness of the phase differ- 
ence plate is d f , the retardation in the thickness 
direction was (n x - n 2 )d f = 160 nm. 

Figure 27 shows the results obtained by measuring 
viewing angle characteristics of the liquid crystal 
display device in Example 18. In Figure 27, i|f represents 
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an azimuth angle (i.e., intra-display surface angle), 0 
represents a viewing angle (i.e., a tilt angle from a 
normal to the display . surf ace ) , and the hatched portion 
represents a region with a contrast of 10:1 or more. 

5 

As is apparent from Figure 27, the viewing angle 
of the liquid crystal display device in the present 
example was larger than that of the liquid crystal 
display device in Example 13 shown in Figure 24, and the 
10 display quality was uniform. 



Example 19 

In the present example, the following phase 
difference films were placed between a pair of polarizing 
15 plates and a liquid crystal cell of the liquid crystal 

display device in Example 13 in such a manner that a 
delay axis of each phase difference film was orthogonal 
to an absorption axis of each polarizing plate, 

20 The phase difference film has optically negative 

birefringence, and satisfies n x > n y > n 2 , where n x , n y are 
primary refractive indexes in an in-plane direction of a 
refractive oval body, and n 2 is a primary refractive index 
in a thickness direction thereof. 
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Supposing that the thickness of the phase differ- 



ence film is d f/ the retardation in the thickness direc- 



tion was (n z - n y )d f = 170 nm. The retardation in an in- 



plane direction was ( n x - n y )d f = 42 nm. 



5 



Figure 28 shows the results obtained by measuring 



viewing angle characteristics of the liquid crystal 



display device in Example 19. In Figure 28, x|r represents 

f ss 5 

O an azimuth angle (i.e., intra-display surface angle), 6 

ru 

!: p 10 represents a viewing angle (i.e., a tilt angle from a 



H« normal to the display surface), and the hatched portion 

e represents a region with a contrast of 10:1 or more. 



As is apparent from Figure 28, the viewing angle 
15 of the liquid crystal display device in the present 

example was larger than that of the liquid crystal 
display device in Example 13 shown in Figure 24, and 
display quality was uniform. 



20 Comparative Example 10 

In Comparative Example 10, as shown in Figure 29, 
the homeotropic alignment layer 68 was directly formed on 
the transparent electrode 63 provided on the surface of 
the substrate 62, and the spacers 65 were formed with 
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photosensitive polyimide in the same way as in Example 
13. More specifically, in Comparative Example 10, the 
convex portions 66 were not formed. The axis-symmetrical 
alignment central axis forming portion 64 was not formed, 
either . 

The substrate on a lower side thus obtained was 
attached to a counter substrate on an upper side formed 
in the same way as in Example 13 to produce a liquid 
crystal cell. The same material as that in Example 13 
was injected into the cell, and polarizing plates were 
placed in crossed-Nicols on both sides of the cell. 

In the liquid crystal display device in Compara- 
tive Example 10, the liquid crystal molecules were 
randomly aligned, and disclination lines were randomly 
formed. The liquid crystal display device was observed 
under the application of a voltage, a display with 
roughness was observed in gray scales. 

Comparative Example 11 

In Comparative Example 11, the homeotropic 
alignment layer 68 was directly formed on the transparent 
electrode 63 provided on the surface of the substrate 62 
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shown in Figure 22A. Thereafter, the spacers 65 were 
formed with photosensitive polyimide in the same way as 
in Example 13. More specifically, in Comparative Example 
11, the convex portions 66 as shown in Figure 22A were 
not formed, and the axis-symmetrical alignment central 
axis forming portion 64 was formed on the pixel elec- 
trode 63. 



The substrate on a lower side thus obtained was 
10 attached to a counter substrate on an upper side formed 
iU in the same way as in Example 13 to produce a liquid 

crystal cell. The same material as that in Example 13 
was injected into the cell, and polarizing plates were 
placed in crossed-Nicols on both sides of the cell. 

15 

In the liquid crystal display device in Compara- 
tive Example 11, the liquid crystal molecules were 
randomly aligned, and disclination lines were randomly 
formed in the same way as in Comparative Example 10. The 
20 liquid crystal cell was observed under the application of 
an axis-symmetrical alignment central axis forming 
voltage, a display with roughness was observed in gray 
scales . 
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As described above, according to the present 
invention, a liquid crystal display device (including a 
plasma address LCD) with outstanding viewing angle 
characteristics and a high contrast, and a method for 
5 producing the same are provided. The device includes a 
liquid crystal region where liquid crystal molecules are 
vertically aligned when no voltage is being applied and 
are axis-symmetrically aligned under the application of 
a voltage. 

10 

The liquid crystal display device of the present 
invention has outstanding viewing angle characteristics 
because of a liquid crystal region which is switched 
between homeotropic alignment and axis-symmetrical 

15 alignment. Furthermore, the device uses a liquid crystal 
material with a negative dielectric anisotropy, perform- 
ing a display in a normally black mode in which a 
homeotropic alignment state is obtained when no voltage 
is being applied. Therefore, a display with a high 

20 contrast can be provided. In particular, by controlling 
the positions of the axis-symmetrical alignment central 
axes of the liquid crystal molecules under the applica- 
tion of a voltage, roughness of a display in gray scales 
is eliminated, whereby display quality can be remarkably 
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improved . 

More specifically, since the convex portions 
defining the pixel regions are formed on the surface of 
5 at least one of the substrates on the liquid crystal 
layer side, each pixel region exhibiting axis-symmetrical 
alignment is defined by the convex portions. Further- 
i;~ n more, a treatment for controlling the positions of the 

O axis-symmetrical alignment central axes is performed, so 

E ! .eF 

Jl 10 that the position of the axis-symmetrical alignment 

M- central axis in each pixel region exhibiting axis-symmet- 

«; rical alignment is defined. 

y;, Examples of the treatment for controlling the 

1,m 15 positions of the axis-symmetrical alignment central axes 

include: (i) performing an axis-symmetrical alignment 
central axis forming process in which a desired voltage 
is applied for a desired period of time or longer; ( ii ) 
prescribing Sa so as to satisfy 0 < Sa/A < 4%, where Sa 
20 represents an area of a region in which the liquid 
crystal molecules keep a homeotropic alignment state 
under the application of an axis-symmetrical alignment 
central axis forming voltage and A represents an area of 
a pixel region; ( iii ) forming an axis-symmetrical align- 
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ment central axis forming portion at a substantially 
central position or at a predetermined position in each 
of a plurality of pixel regions; (iv) prescribing the 
thickness of the liquid crystal layer in the pixel region 
so as to become largest at a central portion of the pixel 
region and continuously decrease from the central portion 
to a peripheral portion of the pixel region; and 
(v) forming an axis-symmetrical alignment fixing layer on 
the surface of at least one of the substrates on the 
liquid crystal layer side. 

The liquid crystal display device of the present 
invention is preferably used, for example, for a portable 
information terminal used by a number of people, a 
personal computer, a word processor, amusement equipment, 
education equipment, a flat display used in a TV appara- 
tus, and a display plate, window, door and wall utilizing 
a shutter effect. The liquid crystal display device of 
the present invention is also preferably used as a large 
display apparatus such as a high definition TV (HDTV) and 
a display for a CAD. 

Various other modifications will be apparent to 
and can be readily made by those skilled in the art 
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without departing from the scope and spirit of this 
invention. Accordingly, it is not intended that the 
scope of the claims appended hereto be limited to the 
description as set forth herein, but rather that the 
claims be broadly construed. 



